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Abstract

Protein import into plant chloroplasts is a fascinating
topic that is being investigated by many research groups.
Since the majority of chloroplast proteins are synthesised
as precursor proteins in the cytosol, they have to be
posttranslationally imported into the organelle. For this
purpose, most preproteins are synthesised with an N-
terminal presequence, which is both necessary and suf-
ficient for organelle recognition and translocation
initiation. The import of preproteins is facilitated by two
translocation machineries in the outer and inner envelope
of chloroplasts, the Toc and Tic complexes, respectively.
Translocation of precursor proteins across the envelope
membrane has to be highly regulated to react to the
metabolic requirements of the organelle. The aim of this
review is to summarise the events that take place at the
translocation machineries that are known so far. In addi-
tion, we focus in particular on alternative import path-
ways and the aspect of regulation of protein transport at
the outer and inner envelope membrane.

Keywords: chloroplasts; protein import; redox
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Introduction

Chloroplasts are the characteristic organelles of photo-
synthetic algae and plants. Their main function is the
conversion of light into chemical energy by photosynthe-
sis, but they also play essential roles in many other bio-
synthetic pathways, such as fatty acid biosynthesis,
nitrite and sulphate reduction and amino acid biosynthe-
sis. Chloroplasts – like mitochondria – originated from an
endosymbiotic event, in which an ancestral photosyn-
thetic cyanobacterium was engulfed by a mitochondriate
eukaryotic host cell (Margulis, 1970). It is widely believed
that this primary endosymbiosis occurred only once in
plant evolution. Thus, all plastids – a family of organelles
containing not only chloroplasts, but also leucoplasts,
amyloplasts and chromoplasts – share a common ances-
try. During evolution, the endosymbiont lost its autonomy
through a massive transfer of genetic information from
the prokaryotic genome to the host nucleus, although the
organelle retained the competence for DNA replication,

transcription and translation. To date, the chloroplast
genome encodes approximately 50–150 proteins, where-
as the proteome is estimated to consist of 3500–4000
polypeptides (Leister, 2003). Due to their endosymbiotic
origin, chloroplasts are surrounded by a double
membrane. Consequently, the development of a protein
import machinery became necessary for the relocation of
proteins that are nuclear-encoded and synthesised in the
cytosol, but located in the chloroplast. Organelle biogen-
esis and maintenance requires tight coordination of
transcription, translation and protein import between the
host cell and the organelle. Therefore, this review focuses
on the different known ways of regulating protein import
into chloroplasts. For studying protein translocation, the
two model systems Pisum sativum and Arabidopsis tha-
liana are widely used. P. sativum is suitable for biochem-
ical analysis, as large amounts of plant material and
therefore of chloroplasts are easily generated. In contrast
to this, since the genome of A. thaliana is fully
sequenced, it is the system of choice for genetic studies.

The Toc complex

Most proteins are translocated into the chloroplast by the
so-called general import pathway, mediated by the Toc
(translocon at the outer envelope of chloroplasts) and the
Tic (translocon at the inner envelope of chloroplasts)
complexes (Figure 1; for a review see Soll and Schleiff,
2004; Bedard and Jarvis, 2005, and references therein).
Translocation via this pathway is an energy-consuming
process, requiring both ATP and GTP. The proteins
responsible for preprotein recognition at the outer enve-
lope are the two receptor components Toc159 and Toc34
(Kessler et al., 1994). Together with Toc75 (Schnell et al.,
1994), they form the Toc core complex, a molecular
machine of approximately 550 kDa, with a Toc75/Toc34/
Toc159 molecular stoichiometry of 4:4:1 (Schleiff et al.,
2003a). Each translocon seems to be formed by a single
central Toc159 molecule that is surrounded by four cop-
ies of Toc75/Toc34. Other components of the Toc com-
plex are Toc64 (Sohrt and Soll, 2000) and Toc12 (Becker
et al., 2004a).

Both Toc159 and Toc34 display homology to GTPases
and are able to bind and hydrolyse GTP. They show high
levels of similarity to each other within their GTPase
domains. The proteins can also be phosphorylated, and
(de)phosphorylation of Toc34 may regulate precursor
recognition. In the model plant A. thaliana, most of the
Toc components are encoded by small gene families. For
Toc159, four homologues have been identified in the Ara-
bidopsis genome, named atToc159, atToc132, atToc129
and atToc90. Expression data suggest that all of these
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Figure 1 Model of protein import events and the components
involved.
Preproteins destined for the chloroplast are translated on cyto-
solic ribosomes and interact with different molecular chaperones
such as Hsp70/14-3-3 and Hsp90. They are targeted to the
receptor components of the Toc complex (Toc34 and Toc159 or
Toc64), which is followed by translocation through the Toc75
channel. In the intermembrane space, Toc12, imHsp70 and
Tic22 interact with the translocation preproteins, handing them
over to the Tic complex. Tic110 constitutes the channel of the
inner envelope membrane and can also recruit stromal chaper-
ones, probably with the help of Tic40. Tic32, Tic55 and Tic62
are most likely involved in mediating redox regulation of the
import process. After translocation, preproteins are processed
and folded, which might engage Cpn60, or are further targeted
to the inner envelope with the help of Hsp93.

genes are transcribed. The different homologues have
more or less extensive deletions at the N-terminus. Anal-
ysis of atToc159 mutants led to the suggestion that this
protein is the predominant import receptor for photosyn-
thetic chloroplast preproteins. It was also found to be
expressed at higher levels compared to the other iso-
forms. In contrast, atToc132 and atToc120 seem to func-
tion in the import of non-photosynthetic proteins. Similar
observations are true for the two Toc34 isoforms,
atToc33 and atToc34: atToc33 seems to preferentially
mediate the recognition of photosynthetic proteins, while
atToc34 shows selectivity for the recognition of non-pho-
tosynthetic proteins instead. As co-immunoprecipitation
experiments observed a preferential, though not exclu-
sive interaction of atToc159 with atToc33 and atToc132/
120 with atToc34, the existence of at least two different
Toc subcomplexes was proposed (for a review see
Bedard and Jarvis, 2005, and references therein) with dif-
ferent preferences for photosynthetic or non-photosyn-
thetic proteins, respectively. A clear distinction between
the roles of these putatively different complexes is, how-
ever, not yet known.

Toc75 forms the translocation channel of the Toc com-
plex. Reconstitution assays in artificial bilayers showed
that the protein is a cation-selective and voltage-depend-
ent channel, with a pore size of 2–3 nm. Like its func-
tional equivalent Tom40 in the outer membrane of
mitochondria, Toc75 is a b-barrel protein, formed by 18

amphiphilic b-strands (Schleiff et al., 2003a) and is deep-
ly embedded in the outer envelope. Four homologues
have been identified in the Arabidopsis genome, called
atToc75-I, atToc75-III, atToc75-IV and atToc75-V.
AtToc75-I was shown to be a pseudogene due to the
presence of a retrotransposon insertion, and atToc75-IV
is expressed only at a very low level. In addition, both
have significant N-terminal truncations. In contrast,
atToc75-III and atToc75-V are abundant and strongly
expressed. As atToc75-III is highly similar (73% identity)
to psToc75 throughout its mature sequence, it is believed
that this protein is the general import pore of the Toc
complex in Arabidopsis. AtToc75-V seems to represent
the most ancestral form of a Toc75-like channel in chlo-
roplasts, as phylogenetic analyses indicate that Toc75-V
is more closely related to its prokaryotic ancestors than
to Toc75 from plants (Eckart et al., 2002). Toc75 belongs
to the Omp85 protein family. These proteins are believed
to function as export pores and are found in bacteria and
mitochondria. AtToc75-V could therefore take part in
import or export of other macromolecules, or represent
an alternative channel for chloroplast protein import.
Another hypothesis proposes that atToc75-V is involved
in insertion of b-barrel proteins into the outer envelope,
a function also known for members of the Omp85 family.

Toc64 is characterised by two very different domains:
at the N-terminus, a domain similar to amidases is found,
whereas the C-terminus contains three tetratricopeptide
repeat (TPR) motifs, which are exposed to the cytosol.
TPR motifs are thought to be involved in protein-protein
interactions and often mediate the interaction of proteins
with molecular chaperones such as Hsp70 and Hsp90
(Frydman and Hohfeld, 1997). Thus, a role of Toc64 as a
docking site for cytosolic chaperones interacting with
precursor proteins was proposed, and recently this func-
tion of Toc64 for Hsp90-affiliated preproteins was dem-
onstrated (Qbadou et al., 2006). Three homologous
proteins have been identified in Arabidopsis. The most
similar protein to psToc64 (67% identity), atToc64-III, is
associated with the chloroplast outer envelope, indicat-
ing that it is probably the functional orthologue of
psToc64. In contrast, the truncated atToc64-I was not
found in organelles. Interestingly, atToc64-V, which dis-
plays 52% identity to psToc64, is localised at the mito-
chondrial outer membrane. This led to the hypothesis
that Toc64 may be specifically involved in the recognition
of dual-targeted proteins (Chew and Whelan, 2004),
which can end up in either chloroplasts or mitochondria.
Furthermore, Toc64 was proposed as an alternative
receptor for proteins lacking a cleavable transit peptide.
An indication for this hypothesis can be found in mito-
chondria, where proteins with intrinsic targeting infor-
mation are recognised by a different primary receptor
(Tom20, and not Tom70 as usual; Truscott et al., 2003)
that is structurally similar to Toc64.

The smallest subunit of the Toc complex is Toc12, an
outer envelope protein exposing a soluble domain into
the intermembrane space (IMS). Toc12 contains a J-
domain that interacts with a Hsp70 homologue in the
IMS, stimulating its ATPase activity (Becker et al., 2004a).
As Toc12 is associated with Toc64 and Tic22, these pro-
teins might form a complex designed to assist in the
transfer of precursor proteins across the IMS.
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Regulation of the Toc complex is mainly mediated by
GTP/GDP binding and by phosphorylation of the recep-
tor components Toc34 and Toc159 (for a review see
Kessler and Schnell, 2004, and references within). In the
cytosol, several chloroplast preproteins can be phospho-
rylated in the transit peptide by an ATP-dependent kinase
(Waegemann and Soll, 1996; Martin et al., 2006). Phos-
phorylated peptides are then specifically recognised by
14-3-3 proteins, which, together with Hsp70, form a
guidance complex that leads the preproteins to the Toc
receptor. This might regulate chloroplast import at a cyto-
solic stage, as phosphorylation clearly influences the rate
of translocation, although the targeting specificity is not
altered (Waegemann and Soll, 1996). Therefore, precur-
sor phosphorylation might be an important regulatory
mechanism under certain developmental or environmen-
tal conditions that necessitates the preferential import of
one precursor over the other. This could adapt and fine-
tune protein import rates to the requirements of the plas-
tid. The preprotein is then first recognised by Toc34,
where binding of GTP to Toc34 increases the affinity for
the transit peptide (Becker et al., 2004b). Furthermore,
Toc34 has higher affinity for phosphorylated than for non-
phosphorylated precursors, although phosphorylation is
not essential for preprotein recognition by Toc34. Hete-
rodimerisation of Toc34 with the GTP-binding domain of
Toc159 might cause GDP/GTP exchange of the intrinsic
GTPase. Alternatively, bound transit peptide may lead to
the stimulation of GTPase activity, as preproteins can act
as GTPase-activating factors for Toc34. The resulting
GDP-Toc34 precursor complex has lower affinity for the
preprotein than the GTP-bound form. This allows the pre-
protein to dissociate from the receptor, followed by trans-
fer to Toc159-GTP. Dephosphorylation of the transit
peptide is also thought to occur at this step, enhancing
its dissociation from Toc34 and association with Toc159.
Toc159 acts as the motor that facilitates movement of
the preprotein through the translocation channel (Schleiff
et al., 2003b). A new round of preprotein recognition and
binding by Toc34 is provided by the exchange of GDP to
GTP. On the other hand, Toc34 can be phosphorylated,
which causes inactivation of the receptor, as neither pre-
protein recognition nor GTP binding can be mediated by
phosphorylated Toc34. Reactivation via dephosphoryla-
tion is carried out by an ATP-dependent phosphatase
(Sveshnikova et al., 2000).

The Tic complex

Translocation of proteins into chloroplasts also requires
passing of the inner membrane, a process that is facili-
tated by the Tic complex. In most cases, proteins seem
to translocate through the Toc and the Tic complexes
simultaneously. Translocation across the inner envelope
requires ATP hydrolysis, probably owing to the involve-
ment of molecular chaperones in the stroma. In contrast
to mitochondria, no membrane potential is needed for
this translocation process.

To date, the Tic complex is thought to consist of at
least seven proteins (for a review see Soll and Schleiff,
2004; Benz et al., 2007, and references therein). The

most abundant subunit of the Tic complex is Tic110,
which was also the first component to be identified
(Lübeck et al., 1996). Tic110 consists of two domains: an
N-terminal domain with two predicted hydrophobic
transmembrane a-helices, and a hydrophilic C-terminal
domain. Tic110 seems to be the central subunit of the
Tic translocon and forms the translocation channel
(Heins et al., 2002). Reconstitution assays into liposomes
revealed that Tic110 is an ion channel with high conduc-
tance and a preference for cations. Electrophysiological
data indicate a pore size of 15–20 Å, similar to that of
the Toc channel Toc75, and large enough to allow the
passage of an unfolded polypeptide chain. Furthermore,
Tic110 is able to recruit stromal molecular chaperones
(Cpn60 and ClpC) to the import site. Both chaperones
may function in folding of imported proteins, but could
also be part of an import motor, probably fixing the pre-
protein and preventing retrograde movement. Supporting
the function of Tic110 as an important part of the Tic
complex, T-DNA knockouts were shown to be embryo-
lethal in the homozygous state.

Two other Tic components were found to be part of
the Tic core complex together with Tic110: Tic55 and
Tic62. The latter contains an NADPH binding site at the
N-terminus, and a repetitive module in the C-terminal
part (Küchler et al., 2002). These three proline-rich
repeats specifically interact with ferredoxin:NADPH
oxidoreductase (FNR), an enzyme that catalyses the final
step within the electron transfer chain of oxygenic
photosynthesis from ferredoxin to NADP, playing an
essential role in CO2 fixation and chloroplast redox-con-
trolled metabolism. A recent study identified Tic62
homologues in a variety of photosynthetic organisms,
including not only plants, but also cyanobacteria and
even green sulphur bacteria (Balsera et al., 2007). Inter-
estingly, the full-length form of Tic62 was exclusively
found in higher plants, whereas all non-vascular plants,
including Physcomitrella patens, and all bacterial and
algal species contained only a short, truncated form of
Tic62 lacking the C-terminal part with the FNR-binding
repeats. Thus, the ability to interact with FNR seems to
be an evolutionarily new feature of Tic62, therefore prob-
ably providing a novel way of regulating chloroplast
import in a redox-dependent manner. In contrast, the N-
terminal part including the NADP(H)-binding domain
showed a high degree of conservation in all organisms
analysed. This finding is also supported by other studies
that revealed that Tic62 was partly (namely the N-termi-
nal domain) of cyanobacterial origin (Reumann et al.,
2005).

The other member of the Tic core complex, Tic55, was
also described as a redox sensor protein (Caliebe et al.,
1997). It contains a Rieske iron-sulphur centre and a
mononuclear iron-binding site. Tic55 is predicted to con-
tain two transmembrane helices, with the majority of the
protein being exposed to the stroma. Database analysis
revealed homology not only to plant oxygenases (PAO
and Ptc52), but also to bacterial aromatic ring-hydroxyl-
ating dioxygenases, suggesting that Tic55 is of cyano-
bacterial origin. Rieske-type proteins are often involved
in electron transfer, e.g., in the respiratory chain com-
plexes, suggesting that Tic55 might play a role in redox-
dependent regulation of protein import.
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Tic32 is the third candidate for mediating redox regu-
lation of protein import into chloroplasts (Hörmann et al.,
2004). It has been identified as an interaction partner of
Tic110 and is a member of the conserved family of short-
chain dehydrogenases (SDRs), characterised by an
NADP(H)-binding site at the N-terminus (similar to Tic62),
a b-sheet-stabilising motif in the central part (NNAG), and
an active site at the C-terminal end. Tic32 is strongly
attached to the inner envelope and is essential for plant
development, as homozygous knockout plants are
embryo-lethal. The predicted dehydrogenase activity of
Tic32 has been experimentally verified recently (Chigri
et al., 2006), establishing Tic32 as a bona fide NADPH-
dependent dehydrogenase. Moreover, as Tic32 was
identified as the predominant calmodulin-binding protein
of the inner membrane, not only redox regulation but also
calcium regulation (with calmodulin being the likely medi-
ator) of chloroplast protein import could also be mediated
by Tic32.

Tic40 shows clear homology to the co-chaperones Hip
(Hsp70-interacting protein) and Hop (Hsp70 and Hsp90
organising protein). Furthermore, Tic40 contains a struc-
ture similar to TPR motifs. As already mentioned, these
motifs are often involved in protein-protein interactions,
especially with chaperones. Thus, Tic40 could act as a
co-chaperone or be part of the Tic motor complex,
together with Tic110, Hsp93 and ClpC. This is supported
by the fact that the C-terminal Hip/Hop domain of Tic40
was shown to stimulate ATP hydrolysis of Hsp93, which
dissociates from Tic40 in the presence of ADP, suggest-
ing that Tic40 functions as an ATPase activation protein
for Hsp93 (Chou et al., 2006). As Tic40 knockout plants
do not show a drastic phenotype, the function of Tic40
does not seem to be essential for chloroplast import or
plant development, but might rather represent a modu-
lating subunit.

The only Tic component localised in the IMS is Tic22,
which seems to be only loosely bound to the inner enve-
lope. Together with Toc64, Toc12 and imHsp70, Tic22 is
a member of an IMS complex (Becker et al., 2004a). The
function of this complex, and therefore of Tic22, could
be to coordinate the interaction of the Toc and Tic trans-
locons, thus allowing efficient and direct translocation of
preproteins through the IMS.

The smallest known subunit of the Tic complex is
Tic20. It contains four predicted transmembrane domains
and is deeply embedded in the inner envelope. Therefore,
it has been suggested that Tic20 forms a translocation
channel. This is supported by sequence analysis reveal-
ing a distant similarity to prokaryotic branched-chain
amino acid transporters and to the mitochondrial channel
proteins Tim23, Tim22 and Tim17 (Rassow et al., 1999).
In several studies, Tic20 was demonstrated to interact
with Tic22, but it was never found to interact with or was
in close proximity to Tic110. If Tic20 and Tic110 are both
preprotein-translocating channels, it does not seem likely
that the two proteins are present in the same Tic com-
plex. In contrast, they might rather work independently
of each other, perhaps in different subcomplexes.
Although the exact function of Tic20 needs further inves-
tigation, the importance of this protein for chloroplast via-
bility becomes clear in Arabidopsis antisense lines, which

show a pale to chlorotic phenotype and altered chloro-
plast ultrastructure. As already observed for several Toc
components, Tic20 in Arabidopsis is encoded not by a
single gene, but by a small gene family. Four homologues
exist that are called atTic20-I, atTic20-II, atTic20-IV and
atTic20-V. AtTic20-I shows the highest similarity to the
pea protein (ca. 67% identity); thus, atTic20-I and at-
Tic20-IV (approx. 35% identity) are considered as real
orthologues and/or paralogues of Tic20 from P. sativum.

Recently, an additional component has been assigned
to the Tic complex and called Tic21 (Teng et al., 2006).
It was described as an integral membrane protein of the
chloroplast inner envelope with four predicted transmem-
brane helices similar to Tic20. Nevertheless, the function
of this protein as part of the Tic complex is questioned
by another study, in which the same protein was identi-
fied as a metal permease (Duy et al., 2007).

Processing and protein sorting in the stroma

After translocation through the Toc and Tic complexes,
the N-terminal transit peptide has to be removed. This is
achieved in an ATP-dependent manner by a large
monomeric enzyme called stromal processing peptidase
(VanderVere et al., 1995). Proteins that reach their final
compartment in the stroma are further folded into an
active conformation by stromal chaperones. However, for
many proteins the stroma is not the final destination
inside the chloroplast, as it contains not only a double
envelope membrane, but also a third membrane system,
the thylakoids, in which the photosynthetically active pro-
tein complexes are located. Beside these three different
membrane systems, three aqueous sub-compartments
can be distinguished, the IMS, the stroma and the thy-
lakoid lumen. Therefore, effective intraplastidal sorting
has to occur. Many proteins are targeted to the thyla-
koids, which are found exclusively in organisms perform-
ing oxygenic photosynthesis. In contrast to one general
import pathway for protein import to the stroma, trans-
port into or across the thylakoid membrane can be divid-
ed into at least four pathways: the Sec-dependent and
the Tat-dependent pathways for transport of proteins into
the thylakoid lumen, and the SRP-dependent and ‘spon-
taneous’ pathways for insertion of proteins into the thy-
lakoid membrane (for a review see Jarvis and Robinson,
2004; Gutensohn et al., 2006, and references within). All
four pathways have been identified for nuclear-encoded
proteins, although transport of plastid-encoded proteins
by the Sec and the SRP pathways is also described.

General versus alternative import pathways

The import of nuclear-encoded chloroplast preproteins
through the Toc and Tic translocons described so far is
known as the general import pathway. This is particularly
true for stromal and thylakoid proteins. Nevertheless,
some proteins also use alternative pathways that include
other as yet unknown translocation machineries, vesicle
transport via the endoplasmic reticulum (ER) and Golgi
apparatus, and even spontaneous insertion into the outer
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Figure 2 Schematic presentation of different import pathways.
Most transit peptide containing preproteins engage the general
import pathway (GIP) via Toc and Tic. Two inner membrane pro-
teins, Tic32 and QORH, have been shown to use an alternative,
as yet undefined import pathway. For some outer envelope pro-
teins, spontaneous insertions have been observed, whereas
others use the Toc translocon.

membrane (Figure 2). Very little is still known about these
other ways of protein import into the chloroplast, and
some of them have been discussed controversially over
recent years. Interestingly, mainly proteins from the outer
and inner chloroplast membrane seem to make use of
these alternative pathways.

Proteins of the outer envelope are generally synthe-
sised without an N-terminal cleavable transit peptide.
This includes not only most proteins of the Toc complex,
but also outer envelope proteins such as OEP7, OEP16,
OEP21, OEP24 and OEP37. These proteins are thought
to insert into the membrane directly and spontaneously
from the cytosolic side, independent of NTPs or protein-
aceous components. The information for targeting and
insertion into the outer membrane is localised within the
mature part of these proteins. However, recent data sug-
gest that outer envelope proteins might still use Toc75
as a translocation channel (Tu et al., 2004), but these
Toc75 channels might work independently and are not
associated with the receptor components. In particular,
atToc75-V might play a role in this insertion. Interestingly,
one important exception of this group is Toc75 itself,
which contains a bipartite transit peptide. The first part
of this sequence functions in translocation via the general
import pathway and is cleaved off by the stromal pro-
cessing peptidase. The second portion of the signal
functions as an intraorganellar targeting signal and is
cleaved off in the IMS (for a review see Hofmann and
Theg, 2005, and references therein).

In general, two pathways for protein targeting to the
inner membrane are conceivable, both of which need the
Toc/Tic system. First, hydrophobic stop-transfer signals
within the mature part of the proteins cause lateral exit
from the Tic channel into the membrane. Second, com-
plete translocation into the stroma is followed by cleav-
age of the transit peptide and retargeting to the inner
envelope membrane. The latter mechanism is characte-
rised by the existence of a soluble intermediate, which
was shown to occur in the case of Tic110 (Lübeck et al.,
1996) and Tic40 (Li and Schnell, 2006). In addition, there

are also some examples of inner envelope proteins lack-
ing cleavable N-terminal targeting signals (Miras et al.,
2002; Nada and Soll, 2004): the chloroplast envelope qui-
none oxidoreductase homologue (ceQORH) and Tic32.
These proteins carry the information for chloroplast tar-
geting within their mature sequences, and Tic32 does not
seem to need the general Toc/Tic import pathway at all.
Nevertheless, the first ten N-terminal amino acids were
found to be essential for targeting. The only Toc/Tic com-
ponent that is involved in this process is Tic22. This sup-
ports the hypothesis that Tic32 is inserted into the inner
membrane directly from the IMS by an as yet unknown
mechanism. Moreover, it has been proposed that the
chlorophyll biosynthetic enzyme NADPH:proto-
chlorophyllide oxidoreductase A (PORA) uses a novel
alternative import complex containing OEP16, Toc34 and
a Tic55 paralogue (Reinbothe et al., 2000). However, the
existence of this pathway is controversially discussed
(Philippar et al., 2007). These are only a few examples of
import pathways of proteins without cleavable transit
peptides, but it is conceivable that other pathways exist
as well, since many nucleus-encoded chloroplast pro-
teins without a cleavable transit peptide have been iden-
tified (Kleffmann et al., 2004). Therefore, a novel
chloroplast-targeting pathway has been suggested,
whereby it is proposed that proteins first enter the ER
probably via an ER signal peptide, and are then trans-
ported to the chloroplast as vesicle cargo, which also
involves the Golgi apparatus (Radhamony and Theg,
2006). It was suggested that this secretory pathway
requires glycosylation in the ER, although the signifi-
cance of glycosylation has not yet been investigated. The
authors postulate three possible transport mechanisms
to the stroma after vesicle fusion to the outer membrane:
via an unknown transporter in the inner envelope, by pas-
sage through the Tic translocon independent of the Toc
machinery, or by vesicle budding from the membrane
itself. However, there is no proof of any of these possi-
bilities so far, and a possible pathway from the ER to the
plastid via the Golgi clearly needs further investigation.
Another mechanism in which vesicles are involved is a
transport system between the inner envelope and the
outermost thylakoid membrane (for a review see Vothk-
necht and Soll, 2005, and references therein), which
seems to be common in all vascular plants. As vesicle
transport is a common phenomenon in the cytosol of
eukaryotic cells, but is not described for prokaryotic
organisms, it seems likely that chloroplast vesicle trans-
port was created by transfer of a cytosolic system into
the organelle. It was suggested that chloroplast vesicles
could transport lipids from the inner envelope to the thy-
lakoid membrane because the synthesis of membrane
lipids occurs at the inner envelope. However, it cannot
be excluded that other components such as proteins are
also transported via these vesicles, as is widely used in
the cytosol for protein transport.

Regulation of protein import into chloroplasts

Import of proteins into the chloroplast via both the Toc
and Tic complexes needs to be regulated to allow reac-
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Figure 3 Regulation of protein import at the Tic complex.
FNR plays a central role in reporting the redox and metabolic
state of the chloroplast to the surrounding cell (1). Depending
on the presence of NADP(H), the interaction with Tic compo-
nents might be influenced, resulting in alteration of the Tic com-
position. Chloroplast import is also regulated by the second
messenger calcium (2). Calmodulin (CaM) as a calcium sensor
was found to interact with Tic32. This means that Tic32 is a
potential transducer of the redox state, as well as of calcium
regulation of protein import. So far, nothing is known about
phosphorylation as another mode of protein import regulation at
the Tic level.

tion to the metabolic requirements of the plastid. At the
Toc complex, regulation is facilitated by GTP/GDP bind-
ing and by phosphorylation, as discussed above (see
chapter on the Toc complex). The identification of three
Tic components that may be capable of sensing the
redox state of the chloroplast led to the suggestion that
chloroplast protein import may be regulated by redox sig-
nals (Figure 3). These three proteins are Tic55, Tic62 and
Tic32 (Caliebe et al., 1997; Küchler et al., 2002; Hörmann
et al., 2004). Tic55 contains a Rieske iron-sulphur centre
and a mononuclear iron-binding site, both typically found
in a specific class of bacterial oxygenases. These
proteins often function in electron transfer reactions as
electron acceptor or donor. Interestingly, diethylpyrocar-
bonate, a molecule known to disrupt Rieske centres, was
found to inhibit the translocation of preproteins across
the inner envelope into isolated chloroplasts, indicating
that the Rieske centre of Tic55 might be important for
protein import. The other two components that have
been described as redox sensor proteins – Tic62 and
Tic32 – both belong to the extended family of SDRs.
Tic62 carries an NADPH-binding site at the N-terminus,
which could also serve as an electron transfer site. The
C-terminus was shown to interact with FNR. As FNR
mediates the transfer of electrons from ferredoxin to
NADP as the final step of electron transport during pho-
tosynthesis, it is possible that FNR is able to reduce the
NADP molecule associated with Tic62. This might be
only one step in a signal cascade to sense or react to
the metabolic state of the chloroplast, as an electron
transfer reaction from Tic62 to Tic55 could also occur.
Interestingly, some electron carriers in the inner envelope
have already been identified using electron paramagnetic
resonance spectroscopy (Jäger-Vottero et al., 1997) and
one of the proteins found in this study also contains an
iron-sulphur centre, similar to Tic55. Whether this elec-
tron chain contains some of the Tic components possibly

involved in redox-regulation remains elusive. Neverthe-
less, it is conceivable that conformational changes occur
during the different reduction/oxidation steps, which may
finally influence the gating behaviour of the pore Tic110
and therefore influence protein import. However, the abil-
ity of Tic62 to really transfer electrons has not been
shown experimentally yet, in contrast to Tic32, which
was recently identified as a bona fide NADPH-dependent
dehydrogenase (Chigri et al., 2006). NADH could not
substitute for NADPH, and the dehydrogenase activity of
Tic32 is furthermore dependent on a lipid environment, a
feature known for other SDRs. However, the in vivo sub-
strates of the dehydrogenases and the sequence of any
electron transfer in the Tic complex remain unknown. In
addition, the results of this study indicate that NADP/
NADPH binding of Tic32 is important for its interaction
with the Tic translocon, as the interaction of Tic32 – and
of Tic62 – with Tic110 is significantly decreased in the
presence of NADPH, a result that was not observed with
NADP or NADH. Thus, by affecting the interaction
between Tic110, Tic62 and Tic32, the NADP/NADPH
ratio of the chloroplast could mediate the redox regula-
tion of chloroplast protein import by influencing the
assembly/disassembly of the complex. More evidence
for redox regulation of protein translocation across the
inner envelope is provided by a study in which different
ferredoxin and FNR isoforms were differentially imported,
depending on the redox state of the chloroplast. The
authors used light or darkness to alter the state of the
plastidic NADPH pool (Hirohashi et al., 2001). In the pres-
ence of light and active photosynthetic electron trans-
port, the NADP/NADPH ratio is altered towards NADPH,
which could then influence the selectivity of the import
machinery. Such a regulatory mechanism is supported by
the fact that deamino-NAD, a non-reducible NAD ana-
logue, and ruthenium hexamine trichloride (HAR), an oxi-
dant of NAD(P)H, affected the in vitro import of two FNR
isoforms differently (Küchler et al., 2002). The NADPH
pool of chloroplasts is influenced not only by light con-
ditions and photosynthetic electron transport, but also by
the overall metabolic activity. Redox reactions involving
NADP(H) dominate many enzymatic processes, and thus
the availability of this compound reflects the metabolic
state of the chloroplast, as well as the photosynthetic
activity. Essential components such as amino acids and
fatty acids are exclusively synthesised within chloro-
plasts, and thus the cellular requirements influence the
plastidic status and performance. Therefore, exact fine
tuning of cellular and chloroplastic functions and metab-
olism has to be maintained, and sensing of the plastidic
redox state by components of a protein translocation
machinery is a very elegant way to meet this challenge.
The functionality of all plastids depends on the import of
nuclear-encoded proteins, which has to be timed accord-
ing to metabolic requirements; this is reflected by the
redox state of the NADPH pool, which represents the
lynchpin in sensing the status of the chloroplast (Figure
3).

Another possible mode of import regulation has been
discovered recently. It was shown that chloroplast import
is also influenced by calcium, an important second mes-
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senger in the cell. Calmodulin (CaM) was identified as the
most likely candidate calcium sensor that could therefore
play a role in calcium regulation of the chloroplast trans-
location process (Chigri et al., 2005). Furthermore, Tic32
was discovered as the predominant CaM-binding protein
of the inner membrane, containing a CaM-binding
domain at the C-terminal end. NADPH- and calcium-
dependent CaM binding to Tic32 appear to be mutually
exclusive (Chigri et al., 2006). These results indicate that
CaM regulation of import is conveyed by Tic32, making
this protein the potential transducer of both redox and
calcium regulation of protein import. Thus, Tic32 seems
to constitute the sensor of redox signals from the inside
and Ca2q from the outside of the chloroplast, thereby rep-
resenting the convergence of eukaryotic and prokaryotic
signalling features. Upon high photosynthetic activity
rendering the NADPH pool mostly reduced, the subcom-
plex consisting of at least Tic110, Tic62 and Tic32 dis-
integrates, which results in import inhibition of certain
precursors (Hirohashi et al., 2001; Küchler et al., 2002).
Under these conditions CaM cannot interact with Tic32
and calcium signalling might not be realisable. When
Tic32 is not loaded with NADPH, CaM is able to bind
and other precursors such as pSSU (Chigri et al., 2005)
are imported to a lesser extent. Thus, it seems that by
this type of bipartite regulation not only the import pro-
cess in general is regulated, but perhaps also the for-
mation of distinct subcomplexes that mediate the
translocation of specific precursor proteins. Which kind
of regulation dominates over the other and the way in
which these very different methods of cellular regulation
are coordinated remain an enigma and need intensive
research.
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