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Three proteins from the chloroplastic outer envelope
membrane and four proteins from the inner envelope
membrane have been identified as components of the
chloroplastic protein import apparatus. Multiple molecular
chaperones and a stromal processing peptidase are also
important components of the import machinery. The
interactions of these proteins with each other and with the
precursors destined for transport into chloroplasts are
gradually being described using both biochemical and genetic
strategies. Homologs of some transport components have
been identified in cyanobacteria suggesting that at least some
of import machinery was inherited from the cyanobacterial
ancestors that gave rise to chloroplasts. 
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Introduction
Because chloroplasts and other types of plastids contain a
genome with a limited coding capacity, the large majority
of proteins contained within these organelles must be
imported from the cytoplasm. The chloroplastic protein
import system has received considerable attention since
the first reports of its existence some 20 years ago [1,2].
This brief review focuses on recent progress in the identi-
fication and characterization of components of the
envelope-based transport apparatus. We briefly consider
interactions between these components and precursor pro-
teins that occur during protein import, and we address the
evolutionary origins of the import apparatus. 

Figure 1 presents a schematic representation of the protein
import apparatus and a working model of the interactions
that occur during the transport of precursor proteins into
chloroplasts. This schematic model is based on work from
several research groups over the past few years; other
reviews should be consulted for details and for a considera-
tion of earlier work [3–6]. Components in the outer
envelope membrane are known as Toc (translocon at the
outer membrane of chloroplasts) proteins, whereas compo-
nents in the inner membrane are called Tic (translocon at
the inner membrane of chloroplasts) proteins; the number
refers to their molecular mass [7]. Molecular chaperones are
also involved during protein import and putative partici-
pants have been identified in several locations including

the cytoplasm, the intermembrane space between the two
envelope membranes, and the stromal space.

Energy, provided by the hydrolysis of nucleoside triphos-
phates, is needed for at least three, and possibly more,
steps during the import process. Hydrolysis of GTP is a
unique requirement for chloroplastic protein import
[8••,9•]; GTP is not needed for mitochondrial protein
import [10]. The chloroplastic import apparatus contains
two components that have GTP-binding sites, Toc159 and
Toc34, and it is assumed that they account for the GTP
requirement. ATP is needed in at least two locations: the
early stages of import require ATP hydrolysis in the inter-
membrane space (Figure 1c) [11], and ATP hydrolysis is
required in the stroma to accomplish protein translocation
(Figure 1d) [12]. In each case, it is postulated, but not
proven, that this ATP is used by molecular chaperones.

Outer membrane components and the early
stages of protein import
The Toc complex fulfills three essential functions during
protein import: first, it specifically recognizes the transit
peptide of precursor proteins; second, after precursor pro-
tein binding, the complex initiates membrane
translocation; and third, it participates in the formation of
contact sites between inner and outer chloroplastic mem-
branes. Evidence from several laboratories indicates that
the Toc complex contains three membrane proteins:
Toc159, Toc34, and Toc75 [13–15]. In addition to the Toc
proteins, lipids have also been thought to play a crucial role
in the early stages of precursor binding to chloroplasts. For
instance, transit peptides have been shown to interact with
the chloroplastic-specific lipids, monogalactosyldiacylglyc-
erol and digalactosyldiacylglycerol [16,17]. From these
studies it was proposed that the early stages of precursor
targeting to the chloroplasts involved a specific interaction
of the transit peptide with the lipids of the outer envelope
membrane (Figure 1a). Recently, this hypothesis gained
further support when Chen and Li [18•] used a genetic
approach to dissect the early stages of precursor binding to
chloroplasts. They showed that chloroplasts isolated from
an Arabidopsis mutant deficient in digalactosyldiacylglyc-
erol are defective in their ability to import precursors
destined for the interior of chloroplasts. The defect in
these chloroplasts appears to occur at the energy-indepen-
dent binding stage of import.

After an initial interaction of precursor with the lipids of
the outer envelope membrane [16,17], the precursor inter-
acts with both Toc159 and Toc34 during the
energy-independent stage of binding [19,20] (Figure 1b).
Both of these proteins contain GTP-binding domains
[21–23]. Toc159 was identified originally as an 86 kDa pro-
tein [21,22], designated Toc86; however, recent studies
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have concluded that Toc86 is a proteolytic fragment of the
native 159 kDa protein [8••,24]. It has been proposed that
Toc159 contains a transit peptide binding site for precursor
proteins. There are two pieces of evidence for this role of
Toc159: antibodies against Toc159 block precursor binding
to isolated chloroplasts [21], and two different precursor
proteins can be cross-linked effectively to Toc159 [14,19]. 

The role of Toc34 during the energy-independent stage of
precursor protein binding to the Toc complex has been dif-
ficult to determine. Recent experiments show that Toc34
can be cross-linked to precursor protein during the early
stages of binding [19]. But the presence of either GTP or
ATP prevents the formation of cross-linking to Toc34. The
authors conclude that Toc34 is not a part of the transit pep-
tide receptor but rather plays a regulatory role in precursor
binding [19]. 

The third component of the Toc complex that interacts with
precursor protein during the early stages of binding is Toc75
[25]. The transit peptide of precursor proteins can be cross-
linked to Toc75 [14,20], thus confirming a close interaction.
Taken together, the cross-linking data support the hypothe-
sis that Toc75 and Toc159 form a binding site that
specifically binds transit peptides. Considerable evidence
indicates that Toc75 also constitutes the major component of
the protein-conducting channel in the outer envelope mem-
brane. The most compelling evidence comes from Hinnah et
al. [26], who showed that recombinant Toc75 has voltage-
sensitive ion conductance properties when reconstituted into

liposomes. The reconstituted Toc75 ion channel was calcu-
lated to have a small pore with a diameter of 8–9 Å. Such a
small opening would require that the precursor be complete-
ly unfolded during translocation across the outer membrane.
They also demonstrated that this conductance was selective-
ly regulated by the transit peptide of precursor protein,
supporting the role of Toc75 as a transit-peptide-regulated
channel [26]. However, Toc75 may not be the only compo-
nent comprising the protein-conducting channel of the outer
membrane. Ma et al. [14] have shown that during transloca-
tion, precursor proteins can be cross-linked to regions of
Toc159 other than the cytoplasmic domain. Hence, the
membrane domain of Toc159 may participate in the translo-
cation process, possibly as part of the translocation channel.

Although only three integral membrane proteins have been
identified as components of the Toc complex, some of
them are encoded by multiple genes that show differential
expression during plastid development. For example,
Arabidopsis contains two Toc34-like genes that are differen-
tially expressed [27••]. The protein products of these
genes, AtToc33 and AtToc34, have 61% amino acid
sequence identity to each other, and 59% and 64% amino
acid sequence identity with pea Toc34, respectively.
AtToc33 is preferentially expressed during the early stages
of seedling development, whereas AtToc34 is expressed at
constitutively low levels during all stages of leaf develop-
ment. Mutant plants deficient in AtToc33 are delayed in
plastid development and show a persistent chlorophyll
deficiency; however, they are only partially defective in
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Figure 1

A schematic working model for protein import
into chloroplasts. The numbers for the
membrane components and the molecular
chaperones (Hsps) represent their molecular
mass. Further details about these components
are given in the text. The location for the
utilization of GTP is highly speculative, but the
locations for the hydrolysis of ATP are based
upon experimental evidence that is further
described in the text. Stage (a) represents a
hypothetical step where the transit peptide
interacts only with the lipids of the envelope
membrane. Stage (b) depicts a reversible step
where the transit peptide also interacts with
proteins of the transport apparatus, but prior to
the hydrolysis of nucleoside triphosphates.
Stage (c) depicts an early translocation
intermediate, where precursor is irreversibly
associated the transport apparatus, but still
sensitive to exogenously added protease.
Stage (d) depicts the final steps of protein
transport, processing and assembly. The transit
peptide located at the amino-terminus of the
precursor protein is removed by the stromal
processing peptidase (SPP). The differences in
components present in the complexes shown
in stages (b), (c), and (d) is a deliberate attempt
to reflect the dynamic nature of the
composition of the translocation apparatus.
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protein import. Either AtToc34 or AtToc33 can comple-
ment the mutant, demonstrating the functional redundancy
of the two proteins. This work is important on several
accounts. It is the first application of reverse genetics to the
study of protein import into chloroplasts; furthermore, it
demonstrates that some components of the transport appa-
ratus are encoded by multiple genes and that these genes
are differentially expressed. More work is needed to under-
stand the functional significance of these multiple genes.

Although a role for GTP in protein import had been report-
ed [11], the discovery that both Toc159 and Toc34 contain
GTP-binding domains [21–23] required a re-evaluation of
the role for GTP during import [8••,9•]. In the first stage,
the formation of early translocation intermediates is mediat-
ed by Toc components that bind and hydrolyze nucleoside
triphosphates. Initial interaction of the transit peptide
occurs at Toc159, with the possibility of some involvement
of Toc75. Further insertion of precursor protein into the
import apparatus requires GTP hydrolysis. GTP hydrolysis
at Toc159 and/or Toc34 may induce a conformational change
in the overall Toc complex that induces the precursor to
insert itself across the outer membrane through the protein-
conducting channel. Therefore, two roles have been
proposed for the function of GTP during import. In the first,
GTP acts as a regulator for early translocation intermediate
formation. In this role, Toc159 and/or Toc34 may regulate
gating of the protein-conducting channel, thus ensuring the
specificity of precursor binding. Through a cycle of GTP
binding and hydrolysis, Toc159 and/or Toc34 may act as a
switch to ensure that precursors are committed to further
translocation. In the second role, GTP binding may initiate
the formation of contact sites, thus forming functional
translocation complexes. As the import apparatus is recon-
stituted, using purified components, future investigation
will begin to focus on the separate roles of Toc159 and
Toc34 during the early stages of binding.

GTP hydrolysis is required for early import intermediate
formation, but it is not sufficient for complete translocation
across the outer membrane. The stability of early translo-
cation intermediates is enhanced by ATP at low levels
[11]. The presence of Hsp70 at the inner surface of the
outer membrane may explain the need for ATP during
early translocation intermediate formation. Young et al. [9•]
have further shown that GTP has no effect on the translo-
cation steps that occur after the early import intermediate
has been formed (Figure 1c,d). From this study, they con-
clude that once the early import intermediates are formed,
ATP hydrolysis, not GTP hydrolysis, mediates transloca-
tion. This ATP is most probably utilized by stromal
chaperones thought to be involved in transport across the
chloroplastic envelope membranes [13,15,28]. 

Inner membrane components and the
formation of contact sites
Although Tic110, the first inner membrane component to
be described, was identified independently by two groups

using different strategies [29,30], the two disagreed on its
topology within the membrane. Jackson et al. [31] have
reinvestigated this question and concluded that the large
hydrophilic domain of Tic110 faces the stromal side of the
inner membrane. On the basis of this topology, Tic110 is
postulated to interact with stromal molecular chaperones
during protein import, possibly in a manner similar to the
way in which Tim44 interacts with Hsp70 in the mito-
chondrial matrix [10]. 

Tic55, an iron-sulfur-containing protein of the inner enve-
lope membrane, was identified as a translocation
component based primarily on its comigration with other
translocation components during blue-native polyacry-
lamide gel electrophoresis [32]. However, others have not
found this protein in transport complexes isolated by dif-
ferent techniques [19,33••], so more work is needed to
confirm that this protein is part of the import apparatus. If
Tic55 is confirmed to be a translocation component, it will
be interesting to determine what role, if any, the redox
center has during import.

Kouranov and Schnell [19] identified Tic22 and Tic20, two
inner envelope membrane proteins, as translocation com-
ponents using a chemical cross-linking strategy. More
recently, Kouranov et al. [33••] isolated cDNA clones
encoding Tic22 and Tic20, provided preliminary charac-
terization of these proteins, and offered hypotheses
regarding their role in protein import. Tic22 is a peripher-
al membrane protein associated with the outer surface of
the inner envelope membrane. It does not contain readily
recognizable sequence motifs, such as nucleotide binding
domains, and does not possess sequence similarity to com-
ponents of other transport systems; it does, however,
possess 19% sequence identity over 176 amino acid
residues with an open reading frame in the cyanobacteri-
um Synechocystis 6803 genome [34••]. Tic20 is an integral
membrane protein that is predicted to span the inner enve-
lope membrane via three hydrophobic helical domains.
Proteolytic digestion studies provide evidence that the
amino-terminal domain, which is very basic, extends into
the stroma, whereas the carboxy-terminal hydrophilic
domain extends into the intermembrane space [33••].

As noted earlier, Tic22 and Tic20 were first identified as
translocation components by their ability to be cross-linked
to precursors during import. Kouranov et al. [33••] also used
immunoprecipitation of detergent-solubilized envelope
membranes to demonstrate that a small proportion of Tic22
and Tic20 were present in complexes that also contained
Tic110, Toc159, Toc75 and Toc34. Interestingly, they could
not find complexes of Tic22 and Tic20 with Tic110, sug-
gesting that the inner membrane components do not form
complexes in the absence of association with the Toc com-
plex to form putative contact sites. Kouranov et al. [33••]
speculate that Tic20 may serve as part of the protein-
translocating channel in the inner envelope membrane,
whereas Tic22 may recognize precursor proteins as they
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enter the intermembrane space and direct them to the
inner membrane import machinery. In this role, Tic22 may
be the factor that connects the two envelope membranes,
causing the formation of contact sites. If this is the case, one
important unsolved question is what factors regulate the
ability of Tic22 to mediate the apparently dynamic interac-
tion between the components from the inner and outer
envelope membranes.

Molecular chaperones and the translocation
process
By analogy with mitochondrial protein import where a
matrix Hsp70 supports transport across the inner mem-
brane [10], a stromal Hsp70 [35] was an obvious candidate
for this role in chloroplasts; however, the stromal Hsp70
could not be found in translocation complexes [13,15].
Rather, translocation complexes contain Hsp93, a stromal
protein in the Hsp100 family of molecular chaperones [36].
This observation has been confirmed by the recent studies
of Kouranov et al. [33••]. Moreover, both groups find evi-
dence of an association between Hsp93 and Tic110,
suggesting that these two proteins may have roles similar
to that suggested for Hsp70 and Tim44 in mitochondria:
providing the driving force for pulling proteins into the
matrix [10]. Kessler and Blobel [29] also found Hsp60 asso-
ciated with translocation complexes via an association with
Tic110, a result that was confirmed by Kouranov et al.
[33••]. Defining the role of each of the chaperones in pro-
tein translocation will require additional studies. However,
it is tempting to speculate that Hsp93, and possibly Hsp70,
provide the driving force for translocation across the inner
envelope membrane, whereas Hsp60 is involved in folding
the protein following its translocation in an unfolded state.

An Hsp70 protein present in the intermembrane space has
also been identified as a component of translocation com-
plexes (Figure 1c) [28]. Although this is an ideal candidate
for providing the driving force for transport across the outer
envelope membrane, a cDNA encoding this protein has
not yet been identified. Thus, more work is needed to
determine the role, if any, of this protein in the import
process. Another Hsp70 associated with the surface of
chloroplasts (Figure 1b) has been identified [37,38],
although its role in protein import is also unclear.

Either during import or immediately afterwards, the tran-
sit peptide is removed by a stromal processing protease
(Figure 1d) [39]. The same metalloprotease removes the
transit peptide from many different precursors, including
acting on its own precursor in trans [39]. The importance
of this enzyme for the import process, and consequently
for the overall operation of the plant, is demonstrated by
the recent generation of plants containing an antisense
version of the protease gene and having reduced levels of
the protein. These plants have a severe phenotype,
including chlorotic leaves, reduced growth, a reduced
number of plastids per cell and lower amounts of internal
membranes [40•].

Evolutionary origins of the protein
import apparatus
It is widely accepted that chloroplasts evolved from
cyanobacteria following an endosymbiotic event. As bacte-
rial genes were transferred into the nucleus, a system was
needed for delivering the proteins back into the evolving
organelle. The origins of this protein transport system poses
interesting questions regarding the early evolution of
chloroplasts. Bölter et al. [41••] and Reumann et al. [42••]
provided evidence that at least one modern translocation
component, that is Toc75, is related to a cyanobacterial
outer membrane protein. Reumann et al. [42••] argued that
this cyanobacterial protein is related to a family of outer
membrane proteins of unknown function whose members
are widespread in the Gram-negative bacteria. This family,
in turn, is related to another group of proteins involved in
secretion from Gram-negative bacteria. Moreover, Bölter
et al. [41••] demonstrated that the cyanobacterial protein is
capable of channel activity. Thus, it seems likely that
Toc75, the putative outer membrane channel of the import
system, evolved from an outer membrane channel involved
in secretion from the free-living cyanobacterium. More
recently, Reumann and Keegstra [34••] presented evidence
that both Tic22 and Tic20 have cyanobacterial homologs,
whereas Toc159, Toc34/33 and Tic110 do not. They con-
clude that the protein import apparatus has a dual origin,
with some components deriving from cyanobacteria, possi-
bly from an ancient protein secretion mechanism, and other
components having been added to the system from other
sources during the course of evolution.

Conclusions and prospects
Considerable progress has been made in recent years in
identifying the components of the chloroplastic protein
import system. Although it is difficult to know how many
components are required for the import apparatus, it is rea-
sonable to argue that the majority of the transport proteins
have been identified and that relatively few additional
components will be found. However, at least in
Arabidopsis, several components are encoded by a small
family of related genes ([27••]; D Jackson, K Keegstra,
unpublished observations). Thus, it will be important to
determine the functional and developmental significance
of these various family members.

In the immediate future, the major challenge will shift
away from identification of new components to deter-
mining the functions of those components shown in
Figure 1 as well as newly discovered components. This
is likely to involve two efforts that have just begun. The
first is in vitro reconstitution of the protein import
process or at least of particular partial reactions. A start
has been made by Hinnah et al. [26], who have reconsti-
tuted purified Toc75 into lipid bilayers to show that it
has channel activity. However, it is unlikely that Toc75 is
the only constituent of the channel because the reconsti-
tuted activity does not behave like the Toc complexes in
outer envelope membranes. The challenge will be to
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define various partial reactions and reconstitute them
using purified components.

A second important strategy will be the use of genetics or
reverse genetics to suppress or eliminate a particular com-
ponent, following on the important work of Jarvis et al.
[27••], who identified Arabidopsis plants lacking Toc33. With
the new availability of several strategies for isolating plants
with disruptions in a particular gene of interest, approaches
similar to those employed by Jarvis et al. [27••] for Toc33 will
certainly be applied to other transport components. An alter-
native is to use the antisense method, as illustrated by the
work of Wan et al. [40•] with plants containing reduced lev-
els of the stromal processing protease. The availability of
reverse genetic approaches and the power of in vitro recon-
stitution assays should lead to models for the mechanism of
protein import showing much more detail than the rather
crude scheme shown in Figure 1.
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