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The key players

The first plastid import studies were performed with

isolated chloroplasts from pea (Pisum sativum). Ini-

tially, the energetics of preprotein translocation were

addressed and three major steps were identified [1,2]:

(a) reversible binding to the surface of the outer chlo-

roplast membrane in the absence of added nucleotides;

(b) stable binding of preproteins to the outer chloro-

plast membrane in the presence of 100 lm ATP (subse-

quently, an additional requirement for GTP was

demonstrated); and (c) translocation into the chloro-

plast stroma requiring the presence of at least 1 mm

ATP.

Manipulation of nucleotide concentrations and

experimental conditions allowed the formation of

stable preprotein translocation intermediates and the

subsequent isolation and identification of components

of the associated chloroplast protein import machinery

[3–5]. Included among the first components of the

chloroplast import machinery to be identified were

the three main components of the Toc (translocon at

the outer envelope membrane of chloroplasts) complex

[4–7]. Two of these components were GTP-binding

proteins, later termed Toc34 and Toc159 (where the

numbers account for their molecular masses in kDa).

Both Toc34 and Toc159 are exposed at the chloroplast

surface. This is consistent with their role in precursor

protein recognition and receptor protein function.

Toc159 was first identified by chemical cross-linking at

both the reversible and stable binding stages of prepro-

tein import [2], suggesting, at the time, that it may

function as the primary import receptor. The third

component identified, the b-barrel membrane protein
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steps of preprotein translocation across the chloroplast envelope.
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Toc75, is deeply buried in the outer membrane [4,8].

This is consistent with its function as an outer mem-

brane translocation channel [9,10]. Toc34, Toc159 and

Toc75 together form a stable complex and are suffi-

cient for translocation of a preprotein in artificial lipid

vesicles [11,12]. Therefore, this complex is generally

referred to as the Toc core complex [12]. Two addi-

tional components, Toc64 [13] and Toc12 [14], were

identified later, and are implicated in preprotein target-

ing to the Toc complex and heat shock protein (Hsp)

70 recruitment to the inner surface of the outer mem-

brane, respectively (Fig. 1). For reasons of clarity,

Figs 2 and 3 only depict the Toc core complexes

without accessory components.

Meanwhile, fully sequenced Arabidopsis thaliana,

with its multitude of molecular genetic tools, has

emerged as a new model system and revealed a surpris-

ing complexity of Toc components. The Arabidopsis

genome encodes two paralogs of Toc34 (atToc33 and

atToc34) [15,16], and four paralogs each of Toc159

(atToc159, atToc132, atToc120 and atToc90) [17–20]

and Toc75 (atToc75-III, atToc75-IV, atToc75-I and

atToc75V ⁄atOep80) [21]. There is evidence that the

different Toc GTPases paralogs assemble into variable

Toc core complexes [19] (Fig. 2). These Toc complexes,

containing a small (Toc34 or family member) and a

large receptor GTPase (Toc159 or family member) plus

the translocation channel Toc75 (atToc75-III), might

be structurally similar, but differ in their substrate

selectivity [19]. By contrast, organisms with a lower

complexity of import substrates such as Chlamydoma-

nas reinhardtii having only one homologue of each

Toc34 and Toc159 appear to manage with only one

‘general’ Toc core complex [22].

Oligomeric composition and structure
of the Toc core complex

The Toc core complex is often referred to as being

trimeric. Moreover, distinct ‘trimeric’ Arabidopsis Toc

complexes, atToc159 ⁄ atToc33 ⁄ atToc75 and atToc132

or )120 ⁄atToc34 ⁄ atToc75, have been isolated. How-

ever, the exact number of each of the constituents of

these complexes probably does not equal one. The

masses (between 500 and 1000 kDa) that have been

determined for the P. sativum Toc159 ⁄Toc34 ⁄Toc75
complex [23–25] indicate the presence of multiple cop-

ies of at least some of the components and that the

Toc core complex is oligoheteromeric. A stoichiometry

of the purified pea Toc core complex of 1 : 4–5 : 4 for

Toc159 ⁄Toc34 ⁄Toc75 was reported [23]. Other Toc

core complex stoichiometries determined are based on

the quantification of the Toc components in chlorop-

lasts or outer envelopes [24,26]. 2D structural analysis

by electron microscopy of a stable Toc core complex

from pea revealed approximately circular particles [23].

The particles had a diameter of 13 nm and a height of

10–12 nm and consist of a solid outer ring and a less

dense central ‘finger’ domain. This finger domain

divides the central cavity into four apparent pores. It

is tempting to speculate that the four pores in the

structure are formed by the individual Toc75 molecules

that are associated with Toc34 surrounding just a
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Fig. 1. Schematic representation of A. thaliana Toc proteins

involved in preprotein translocation across the outer membrane of

chloroplasts. The Toc core complex is formed by the two GTP-bind-

ing proteins atToc159 (159) and atToc33 (33) and the translocation

channel atToc75-III (75). Note that the homologues of atToc159

(atToc90, atToc120, atToc132) and atToc33 (atToc34) may assem-

ble with atToc75 into structurally similar but functionally distinct

Toc core complexes (Fig. 2). In addition to its membrane-anchoring

and GTP-binding domains, atToc159 has a highly charged acidic

domain of unknown function. Some cytosolic preproteins are sub-

ject to phosphorylation and assemble into guidance complexes with

cytosolic Hsp70 and 14-3-3 proteins before being transferred to the

Toc GTPases. Preproteins that bind cytosolic Hsp90 may be tar-

geted to the Toc GTPases via atToc64 (64). atToc64 is loosely asso-

ciated with the Toc complex and contains three TPR motifs

forming the docking site for Hsp90-bound preproteins. AtToc12 (12)

exposes a J-domain (J) into the intermembrane space and has a

role in anchoring Hsp70, thereby assisting in the transfer of prepro-

teins to the translocase at the inner envelope membrane (Tic). The

stoichiometry in actual Toc complexes may differ from the

presented scheme.
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single copy of Toc159, which might contribute to the

central ‘finger’ domain. Combining this structural

information with the reconstitution of a chloroplast

transport system, demonstrating that Toc159 ⁄Toc34 ⁄
Toc75 are sufficient for GTP-dependent translocation

of preproteins into proteoliposomes [12], it has been

hypothesized that Toc159 acts as a dynamic compo-

nent in the complex.

The translocation channel Toc75

Toc75, the major protein import channel across the

plastid outer envelope membrane [4,8,9], belongs to the

Omp85 superfamily of proteins. Omp85 is a protein

present in Gram-negative bacteria and is required for

the insertion of b-barrel proteins into the bacterial outer

membrane, as well as for the transport of lipids to this

membrane [27]. The yeast member of the family Tob55 ⁄
Sam50 is part of the Tob ⁄Sam complex and is involved

in the insertion of b-barrel proteins into the outer

mitochondrial membrane [28]. From an evolutionary

point of view, it is likely that Toc75 has evolved from a

cyanobacterial Omp85 homologue [29,30].

Pea Toc75 is predicted to have either 16 [31] or 18

membrane spanning b-strands [32]. In its N-terminal

region, Toc75 possesses characteristic polypeptide-

transport-associated (POTRA) domains [33]. POTRA

domains are common to outer membrane b-barrel
proteins and may confer additional chaperone-like or

preprotein recognition functions to the translocation

channel Toc75 [34]. Electrophysiological measurements

in planar lipid bilayers demonstrated that reconstituted

recombinant Toc75 forms a voltage-gated ion channel

with properties resembling those observed for other

b-barrel pores [10]. Studies of reconstituted Toc75 sug-

gested the presence of a narrow, selective restriction

zone (diameter 14 Å) and a ‘wider pore vestibule’

(diameter 26 Å). Selective interaction with a transit

peptide suggests that Toc75 forms a channel specific

for proteins to be imported into the chloroplast [9].
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Fig. 2. Model for the assembly of the Arabidopsis Toc GTPases into substrate-specific core import complexes. Depending on the tissue and

on the developmental stage, different Toc core complexes may be present in plastids to respond to changes in import substrate classes.

The most abundant, largely co-expressed isoforms atToc159 (At4g02510) and atToc33 (At1g02280) assemble into Toc core complexes

required for the accumulation of strongly expressed photosynthetic preproteins, whereas atToc132 (At2g16640) and ⁄ or atToc120

(At3g16620) preferentially assemble with atToc34 (At5g05000). AtToc120 and atToc132 are highly redundant and may be more selective for

nonphotosynthetic, housekeeping preproteins. However, mutant analyses do not exclude a specificity overlap between atToc159 ⁄ atToc33

and atToc132 ⁄ atToc120 ⁄ atToc34. So far, no information is available on Toc core complexes containing atToc90 (At5g20300), the only

atToc159 isoform lacking an acidic domain.
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kinase(s) ⁄ phosphatase(s) that phosphorylate ⁄ dephosphorylate atToc159 and ⁄ or atToc33, as well as factors that control the GTPase hydroly-

sis cycle by activation (GAPs) or facilitation of the nucleotide exchange (GEFs).
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Toc75 is the only protein at the outer membrane

known to be targeted by a cleavable targeting

sequence. The targeting sequence is bipartite. Its N-ter-

minal part functions as a classical transit sequence,

whereas the bulk of the Toc75 molecule is retained at

the outer membrane. The N-terminal part reaches the

chloroplast stroma where it is cleaved by the stromal

processing peptidase. The C-terminal part of the bipar-

tite targeting sequence spans the intermembrane space

and is cleaved by an envelope bound type-I signal pep-

tidase. A polyglycine stretch in the C-terminal part

appears to play an essential role in retaining Toc75 at

the outer chloroplast membrane [35].

With the exception of atToc75-I (At1g35860 ⁄80), all
A. thaliana Toc75 paralogs are expressed proteins.

atToc75-I is a pseudogene containing a transposon as

well as multiple nonsense mutations and stop codons

[21].

Of the three remaining paralogs, atToc75-III

(At3g46740) is the closest to pea Toc75 and is part of

the Arabidopsis Toc core complex. T-DNA insertional

mutants of atToc75-III are embryo lethal, indicative of

a fundamental role in plastid development and differ-

entiation [21,36]. In addition to its role in the import

of chloroplast preproteins into the stroma, an addi-

tional one with respect to the insertion of the outer

membrane protein Oep14 has been discovered [37].

This result suggests that multiple chloroplast targeting

pathways may converge at Toc75.

atToc75-IV (At4g09080) is not essential for viability

and has been shown to play a specific role in the

development of plastids in the dark. AtToc75-V

(At5g19620), also known as atOep80 [38], is the most

distant paralog of Toc75 as well as that most closely

related to Omp85 and Tob55 ⁄Sam50 [39]. By contrast

to atToc75-III, atOep80 is not processed during

membrane insertion, which depends on determinants

contained within the protein sequence [38,40]. The

expression level of atOep80, except for in embryos, is

approximately 25% of that for atToc75-III [40]. The

precise role of atOep80 is currently unknown, but an

important role in the early stages of plastid develop-

ment during embryogenesis has been demonstrated

[40]. atOep80 is an excellent candidate for a channel

component that is involved in the insertion of outer

membrane b-barrel proteins.

Toc GTPases

The Toc GTPases, Toc34 and Toc159, are located at

the chloroplast surface and interact directly with the

transit sequences of preproteins to be imported

(Fig. 1). Although their role in preprotein recognition

is well documented, the details of the GTPase mecha-

nisms in preprotein binding and outer membrane

translocation turn out to be surprisingly complex. It is

not entirely clear to what extent the Toc GTPase activ-

ity is either directly implicated in the translocation pro-

cess or indirectly via the assembly of the Toc complex.

In this context, the assembly of Toc159 into the outer

membrane and the Toc complex has been shown to

involve Toc34 (atToc33) in Arabidopsis [41–43]. All

Toc GTPases are C-terminally anchored in the outer

envelope membrane. The small Toc GTPases (in Ara-

bidopsis, these are atToc33 and atToc34) have a short

hydrophobic transmembrane sequence. The large Toc

GTPases (atToc90, atToc159, atToc132, atToc120)

have an unusually large C-terminal membrane anchor-

ing domain (M-domain) which is largely hydrophilic in

sequence. The GTP-binding domains (G-domain) are

exposed to the cytosol. The large GTPases, with the

exception of atToc90, have an additional, highly acidic

N-terminal domain, designated the A-domain [44]. The

function of the A-domain is not known and it appears

to be dispensable for Arabidopsis Toc159 function [45].

Interestingly, the domain structure of the two Toc

GTPases encoded by Chlamydomas reinhardtii

(crToc159 and crToc34) is reversed with regard to the

one of higher plants [22]. CrToc159 lacks the acidic

N-terminal domain. By contrast, crToc34 has a longer

and more acidic N-terminus than its higher plant

counterparts. This suggests the requirement of an

acidic stretch in at least one of the Toc GTPases

present in the Toc complex.

The enigmatic Toc GTPase cycle

Toc GTPases share a highly conserved GTP-binding

domain and belong to the superclass of P-loop

NTPases. In this superclass, they can be assigned to

the paraseptin subfamily of TRAFAC (after transla-

tion factor) GTPases [46,47]. Crystal structures have

been reported for the G-domains of P. sativum

(psToc34) [48] and its Arabidopsis functional homo-

logue atToc33 in different nucleotide loading states

[49]. Comparison with the minimal G-domain structure

of Ras revealed that Toc GTPases, similar to other

septin and paraseptin family members, have several

insertions that enlarge the structure. Independent of its

nucleotide loading-state (GDP or GMP-5¢-guanyl-
imidodiphosphate, a nonhydrolyzable GTP analog),

psToc34 appears as a homodimer [49]. This, together

with the findings of several in vitro studies, demon-

strates that the G-domains of pea or Arabidopsis

Toc34 ⁄Toc33 and Toc159 can homo- or heterodimer-

ize [41–43,50–55]. Consequently, all current models of
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the chloroplast protein import mechanism include the

homotypic interaction of Toc GTPases as a key feature.

PsToc34 ⁄ atToc33 homodimerizes across the nucleotide

binding cleft and the dimerization involves inter alia

Toc specific insertions as well the bound nucleotides.

Special attention was given to the positioning and

function of an arginine residue (R133 in psToc34 and

R130 in atToc33) contacting the b- and c-phosphates
of the nucleotide in the opposite monomer. This struc-

tural feature is reminiscent of an arginine finger of a

GTPase activating protein (GAP) in complex with its

GTPase [56]. Therefore, this configuration suggested

cross-activation of one monomer by the other. The

catalytic role of the presumed arginine finger has been

addressed in structural and biochemical studies of

mutant G-domains in which this residue was replaced

by alanine (psToc34 R133A, atToc33 R130A) [49,51–

53,57,58]. The mutation clearly affects dimerization

[51–53,58], but has little or no effect on nucleotide

binding and the overall structure of the monomer

[53,58]. In favour of the arginine finger hypothesis is

the observation made in some [48,51,53] but not all

studies [52,58] demonstrating that the R133A ⁄R130A

mutation reduces GTP-hydrolytic activity and the

observation of R133 dependent binding of aluminium

fluoride to psToc34-GDP [58]. Aluminum fluoride can

mimic the c-phosphate of GTP, and its binding by

GDP-bound GTPases requires the presence of a GAP.

Other evidence argues against the theory of psToc34 ⁄
atToc33 as self-activating GAPs: (a) the GTP-hydro-

lytic activity of the dimer is only slightly higher com-

pared to the monomer; (b) dimerization does occur

preferentially in the GDP-bound state; and (c) the

structures of psToc34 ⁄atToc33 are similar in the GDP

or GMP-5¢-guanyl-imidodiphosphate-bound state and

do not give any clues on the activation mechanism.

As a result of crystal and biochemical studies on the

Toc33 homodimer, a significant advance in the under-

standing of Toc GTPases has been made. Of course,

they do not yet deliver sufficient information to fully

explain the unique Toc GTPase cycle, but clearly

suggest the requirement of additional factors for activa-

tion. Requirements for activation could be Toc34 ⁄
Toc33-Toc159 heterodimerization or the presence of an

import substrate (precursor protein) or as yet unidenti-

fied GAP or co-activating GAP proteins [58] (Fig. 3).

With respect to the GAPs [59], precursor proteins have

already been demonstrated to stimulate the Toc GTPase

hydrolysis rate, but this does not exclude the involve-

ment of other factors. In addition, guanine nucleotide

exchange factors (GEFs) could be required for nucleo-

tide exchange and completion of the Toc GTPase cycle

(Fig. 3).

Regulation of Toc GTPases by
phosphorylation

Some of the Toc GTPases are subject to post-transla-

tional modification by phosphorylation [60,61]. For

the small Toc GTPases psToc34 and its functional

Arabidopsis homologue atToc33, in vitro phosphoryla-

tion sites could be determined at different locations in

the G-domain: serine 113 in psToc34 [59] and serine

181 in atToc33 [50]. The G-domain of (pea) Toc159

can be phosphorylated in vitro as well [62]. Two phos-

phorylating activities could be located to the outer

envelope [60,61], but the molecular identification of

Toc GTPase specific kinases and phosphatases has not

yet been accomplished (Fig. 3). Phosphorylation

imposes a negative regulation because GTP and

preprotein binding to in vitro phosphorylated

psToc34 ⁄ atToc33 are both inhibited [50,59,60]. The

functional relevance of phosphorylation in Arabidopsis

was studied by making use of a mutant mimicking

phosphorylation (atToc33 S181E) [62–64]. AtToc33

S181E exhibits reduced GTPase activity and a reduced

affinity for preproteins in vitro similar to the phosphor-

ylated protein [64]. Complementation studies of the

atToc33 knockout mutant [plastid protein import

mutant (ppi1)] with the phospho-mimicking mutations

atToc33 S181E and two other mutations of the same

residue (S118A, S181D) demonstrated efficient comple-

mentation of the ppi1 phenotype in all cases [63]; how-

ever, in a subsequent study, a slightly reduced

photosynthetic performance of atToc33 S181E ppi1

transgenic lines was observed at an earlier developmen-

tal stage under heterotrophic growth conditions [64].

More recently, an influence of atToc33 phosphoryla-

tion or phospho-mimicry on its homodimerization and

heterodimerization with atToc159 and its assembly in

the Toc complex was reported [62].

Specific functions of the Arabidopsis
Toc GTPases

The diversity of the Toc GTPases, identified first in

Arabidopsis but also present in other species, raises the

question of their functions. Analysis of the Toc

GTPase genes has begun to shed light on their roles in

different tissues and plastid types. The knockout

mutants of both atToc33 (ppi1) [15] and atToc159

(ppi2) [17] have pigmentation phenotypes: ppi1 is pale

green during early development but subsequently has

wild-type levels of chlorophyll. The cotyledons of ppi2

plants grown on soil almost completely lack chloro-

phyll and are therefore albino. Protein analysis in

both the ppi1 and ppi2 mutants revealed a reduced
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accumulation of many proteins involved in photosyn-

thesis (termed ‘photosynthetic proteins’), suggesting

that both atToc33 and atToc159 are involved in the

import of photosynthetic proteins. However, the

reduced accumulation of photosynthetic proteins is

also tied to a reduction in the expression of the corre-

sponding genes [17,65]. Therefore, the extent of the

physical involvement of the two receptors, atToc33

and atToc159, in the translocation of the photosyn-

thetic preproteins (down-regulated in the mutants) is

unclear. However, many proteins that are not involved

in photosynthesis (termed ‘housekeeping proteins’)

accumulate normally in both ppi1 and ppi2. Their

import thus requires neither atToc33, nor atToc159.

Recent research on the atToc159 paralogs, atToc90

[18], atToc120 and atToc132 [19,20], as well as on the

atToc33 paralog atToc34 [16,66], has yielded insight

on their distinct roles in protein import (Fig. 2).

Unlike atToc159, which is highly expressed in green

tissues, atToc120 and atToc132 are more uniformly

expressed and levels are therefore relatively high in

nonphotosynthetic tissues. Although neither of the

single genes gives any particular phenotype, the double

knockout resulted either in an albino phenotype resem-

bling ppi2 [20] or in embryo lethality [19]. Proteomics

and transcriptomics analysis of the toc132 mutant and

comparison with ppi1 demonstrated major differences

in the expression and accumulation of chloroplast pro-

teins, indicating a role for atToc132 ⁄ atToc120 in the

import of nonphotosynthetic proteins [65]. The single

knockout of atToc90 (ppi4) had no visible phenotype

[18,20]. A ppi2 ⁄ toc90 double knockout, however,

resulted in a more pronounced albino phenotype,

including a more strongly reduced accumulation of

photosynthetic protein [18]. These data suggest that

atToc90 may contribute to the import of photosyn-

thetic proteins into chloroplasts.

Similar to atToc132 and atToc120, atToc34 is more

uniformly expressed throughout the plant than

atToc33, which is present at much lower levels in roots

than in green tissue [66]. The knockout of atToc34

(ppi3) gave a mild phenotype in roots reducing root

length, but had no effect in green tissue. Thus, in green

tissue, the function of atToc34 may be masked by

atToc33 and only revealed in nonphotosynthetic tis-

sues. The double knockout of atToc34 and atToc33

(ppi3 ⁄ ppi1) could not be isolated, suggesting embryo

lethality and an essential role of the protein pair

[36,66].

Biochemical experimentation also supports specific

roles for the Toc GTPases. Immuno-isolation experi-

ments demonstrated the existence of separate Toc

complexes consisting of atToc159 ⁄atToc33 and

atToc120-atToc132 ⁄atToc34, respectively [19]. Thus,

the current state of knowledge is consistent with two

largely separate import tracks containing different Toc

GTPase components (Fig. 2). One of the tracks is spe-

cific for ‘photosynthetic’ proteins, whereas the other is

specific for ‘housekeeping’ proteins [67,68]. How Toc

GTPases distinguish between different classes of prep-

roteins is currently not known, but this may be linked

to subtle differences in the distribution of amino acids

along the transit sequence. Recent studies have now

classified transit sequences into different groups, which

may help answer the questions regarding substrate

specificity in chloroplast protein import [69].

Additional players – part I: targeting
of cytosolic preproteins to the Toc
complex

So far, two pathways targeting preproteins from the

cytosol to the outer chloroplast membrane have been

described: one involves cytosolic Hsp90 and the outer

membrane protein Toc64 [13,70], the other involves

cytoplasmic kinases for cytosolic preprotein phosphor-

ylation and the subsequent action of a ‘guidance com-

plex’ containing a 14-3-3 protein and a Hsp70 isoform

[71] (Fig. 1). Toc64, an outer membrane protein, con-

taining four tetratricopeptide repeats (TPR), was iden-

tified as a component dynamically associating with the

Toc complex via Toc34 [13,70]. Toc64 functions as a

receptor for Hsp90 carrying a cytosolic preprotein. In

the pathway, Hsp90 docks to the TPR repeats of

Toc64 before the preprotein is handed over to Toc34

[70]. Certain preproteins, such as the small subunit of

Rubisco, may be phosphorylated at their transit

sequence by a member of a small family of kinases

that have recently been identified [72]. The phosphory-

lated preproteins are recognized by a cytosolic 14-3-3

protein contained in the ‘guidance complex’. The pho-

spho-preprotein ⁄ 14-3-3 ⁄Hsp70 guidance complex is

thought to dock directly to Toc34, without any

requirement for the Toc64 receptor. Subsequently, the

preprotein is dephosphorylated and passed on to

Toc159 to allow progression of translocation across

the outer membrane. Studies performed in vivo have

shown that Toc64 is not an essential gene [73,74], sug-

gesting the existence of alternative cytosolic targeting

routes for nonphosphorylated preproteins.

Additional players – part II: recruitment
of intermembrane space chaperones

Stable binding of preproteins to the outer chloroplast

membrane requires low concentrations of ATP. It is
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believed that ATP is hydrolyzed by an intermembrane

space Hsp70 protein [75] (Fig. 1). Recently, Toc12 was

identified as an outer membrane protein and as a com-

ponent of the Toc complex [14]. Toc12 projects a

DnaJ-like domain into the intermembrane space and

was shown to interact with Hsp70 proteins. Toc12

may therefore serve to recruit the Hsp70 exit site of

the Toc complex and thereby provide an explanation

for the ATP requirement in stable preprotein binding.

Functional model

Recently, two functional models of protein transloca-

tion have been controversially discussed, the ‘motor’

and the ‘targeting’ hypotheses [68,76]. The main differ-

ence between those models is the nature of the primary

receptor, namely Toc34 or Toc159 in the ‘motor’ and

‘targeting’ hypotheses, respectively. The ‘motor’

hypothesis proposes that Toc159 pushes the preprotein

across the Toc75 channel. The ‘targeting’ model pro-

poses a soluble cytosolic form of Toc159, the existence

of which is contested. Despite the differences between

the two models, there is a strong consensus on the

composition of the Toc core complex and the role of

the Toc GTPase interaction in its mechanism. The Toc

GTPase interaction may be the reconciliatory element

between the two models: the tight interaction between

the two Toc GTPases is clearly required for preprotein

insertion into the Toc75 channel and translocation

across the outer membrane.

In a simple consensus model (Fig. 1), cytosolic

Hsp70 ⁄ 14-3-3 and the Hsp90 guidance complexes (and

possibly others still unknown) deliver preproteins to

the two GTPases at the Toc complex. The GTP-bound

G-domains of Toc159 and Toc34 co-operate to form a

GTP-regulated gate at the Toc75 translocation chan-

nel. The transition of the receptors to their GDP-

bound states and an ensuing conformational change in

the GTPase pair pushes the preprotein into the Toc75

translocation channel. An intermembrane space Hsp70

may then contribute to translocation across the outer

membrane. The recently discovered Toc12 may recruit

the Hsp70 to the trans-side of the Toc complex by its

J-motif. Finally, the Toc159 and )34 receptors are

reset to their GTP-bound states and become ready for

further translocation cycles.

Conclusions

Certainly, future biochemical, molecular genetic and

structural experimentation will help to resolve the

exquisitely complex details of the GTPase mechanism

of protein recognition and translocation at the outer

chloroplast membrane. Because preprotein recognition

appears to require the tight, GTP-dependent co-opera-

tion between Toc159 and Toc34, it remains to be seen

whether either one of the two comproses a certifiable

primary preprotein receptor. Translocation at the Toc

GTPases is regulated by GTP and phosphorylation.

The factors implicated in these types of regulation are

on the ‘most wanted’ list of the chloroplast import

research community (Fig. 3): the list includes kinases

and phosphates as well as co-GAPs and GDP ⁄GTP

GEFs. We expect that the available sophisticated

molecular tools and sensitive instrumentation will

reveal some of these players in the near future.
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