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Two families of GTPases, the Toc34 
and Toc159 GTPase families, take 

on the task of preprotein recognition at 
the translocon at the outer membrane 
of chloroplasts (TOC translocon). The 
major Toc159 family members have 
highly acidic N-terminal domains 
(A-domains) that are non-essential and 
so far have escaped functional character-
ization. But recently, interest in the role 
of the A-domain has strongly increased. 
The new data of three independent stud-
ies provide evidence that the Toc159 
A-domain (I) participates in preprotein 
selectivity, (II) has typical features of 
intrinsically unfolded proteins and (III) 
is highly phosphorylated and possibly 
released from the rest of the protein by 
a proteolytic event. This hints at a com-
plex regulation of A-domain function 
that is important for the maintenance 
of the preprotein selectivity at the TOC 
translocons.

Back in the Research Focus

Plastids are characteristic organelles of 
land plants and algae that evolved from 
a cyanobacterial endosymbiont.1 Today, 
they are fully integrated into the life 
cycle of the cell. The majority of plastid 
proteins are encoded in the nucleus and 
synthesized in the cytosol as preproteins 
with an N-terminal targeting signal, the 
transit peptide.2 Therefore the biogenesis 
of plastids and their differentiation into 
specialized forms e.g., photosynthetic 
chloroplasts depend on the coordination 
between gene-expression and the selective 
import of preproteins from the cytosol. 
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For preprotein import plastids possess 
multi-protein import complexes in their 
dual-membrane envelope designated Toc 
(translocon at the outer envelope mem-
brane of chloroplasts) and Tic (translocon 
at the inner envelope membrane of chloro-
plasts).3 The initial contact of preproteins 
with the chloroplast surface is mediated 
by a pair of homologous GTPases present 
in the Toc complex that act as receptor 
proteins and work together in the regu-
lation of import.4,5 In higher plants the 
Toc GTPases are encoded by small gene 
families. In Arabidopsis thaliana the Toc34 
family is encoded by two genes, TOC33 
and TOC34, the Toc159 family by four 
genes, TOC159, TOC120, TOC132 and 
TOC90.6 The Toc34 family members are 
smaller in size (33 to 34 kDa) and consist 
of a GTPase domain (G-domain) that is 
anchored in the outer envelope membrane 
by a single stretch of hydrophobic amino 
acids at the C-terminus. The Toc159 fam-
ily members are larger (90 to 159 kDa) and 
have a more complex domain structure. 
They contain a central G-domain flanked 
by a 52 kDa C-terminal membrane 
inserted domain (M-domain) and, with 
the exception of Toc90, a highly acidic 
N-terminal domain (A-domain). The 
N-terminal A-domains represent the most 
variable part of the Toc159-like proteins 
in length as well as in primary structure. 
They do not contain any conserved pro-
tein motifs but share properties with the 
growing class of intrinsically disordered 
proteins in higher eukaryotes.7,8 There is 
increasing evidence that the members of 
the Toc34/Toc159 gene families assemble 
into functionally and structurally distinct 
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and was identical with the A-domain. This 
free A-domain was recovered from the 
soluble as well as the membrane fraction 
in cell fractionation experiments. By phos-
phospecific staining both Toc159 and the 
free A-domain were revealed as phospho-
proteins. Furthermore phosphoproteomic 
surveys15-18 and our study experimentally 
identified a total of twelve in vivo phos-
phorylation sites in Toc159 that all map 
to the A-domain, most of them being 
predicted casein kinase 2 (CK2) phos-
phorylation sites. Many more phosphory-
lation sites are predicted and suggest an 
even higher phosphorylation rate of the 
A-domain. Some of the new findings were 

the Toc complexes and does so by a yet 
unknown mechanism. Neglected for a 
long time due to its non-essential func-
tion and high sensitivity to proteolysis, 
the A-domain is now back in the research 
focus.

Multi-Site Phosphorylation  
of the A-Domain

In our own recent work we made use of 
a N-terminal TAP-tag for purification of 
Arabidopsis thaliana Toc159.14 Using mass-
spectrometry we discovered that a large 
proportion of purified Toc159 consisted 
only of a fragment of the full-length protein 

Toc complexes, each containing a small 
and a large Toc receptor GTPase9,10 and 
each representing a separate import path-
way for a certain class of preproteins. It 
is likely that the selectivity of Toc com-
plexes is mediated by receptor domains 
exposed to the cytosol. Indeed, binding 
of transit peptides to the cytosol-exposed 
G-domains of Toc34 and Toc159 has been 
demonstrated.11,12 However, it has now 
been shown that chloroplasts lacking the 
A-domain of Toc159 efficiently import 
preproteins, but in a manner no longer 
discriminating between different classes 
of preproteins.13 This suggests that the 
Toc159 A-domain confers selectivity to 

Figure 1. the inhibitory effect of heparin on chloroplast import does not involve toc159a. (a) in vitro import assays with chloroplasts of Arabidopsis 
thaliana wild-type plants and toc159 mutant plants (ppi2) complemented with taP-tagged toc159 lacking the acidic domain.26 chloroplasts were 
preincubated for 20 min at 25°c in the dark in the presence of 15 mg/ml heparin and 20 micromolar atP. then atP was added to a final concentration 
of 5 mm and the in vitro translated precursor of the small subunit of rubisco was added. after 0 min or 15 min of import the reactions were stopped 
and analyzed by SdS-PaGe and autoradiography. (B) Quantification of the import reactions. the amount of [35S] SSu imported after 15 min of import 
by untreated wild-type chloroplasts was set to 100%.
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the A-domain exerts its determinant func-
tion on import selectivity in trans, that is 
as the free protein we discovered in our 
study. Possibly the selectivity of chloro-
plasts lacking the A-domain in the import 
assays could be reinstated by adding the 
purified A-domain. In addition such 
experiments would have the advantage 
that the phosphorylation status of recom-
binant A-domain is much easier to control 
than the one of the A-domain purified 
from plants.

Toc159A Modifying Enzymes

Toc159 appears to be regulated by at least 
two mechanisms (Fig. 2), hyperphosphor-
ylation and proteolytic processing. While 
there is no doubt that the A-domain is the 
target of at least two kinase activities,14 
the evidence for the controlled proteo-
lytic processing of the A-domain is less 
strong. Naturally, the concept of regula-
tion by proteolysis raises more skepticism, 
as non-specific degradation is a frequent 
problem in biochemical experimentation. 
On the other hand proteases are known 
to act as key regulators of a variety of cel-
lular and plastidal processes.20,21 Different 

Implication of the A-Domain  
in the Chloroplast Import Process

In our recent study we started to investi-
gate the link of A-domain phosphorylation 
to the import mechanism into chloroplasts 
by modulating the phosphorylation status 
of isolated chloroplasts and studying their 
import capacity in in vitro experiments.14 
Only heparin, a known casein kinase 2 
inhibitor, inhibited in vitro phosphoryla-
tion of the A-domain as well as chloro-
plast import of the pre-small subunit of 
Rubisco (pSSU). The data were in accor-
dance with a positive regulation of import 
by a heparin-sensitive kinase activity. 
However, the data we present here shows 
that heparin also inhibits import into 
chloroplasts that lack the A-domain of 
Toc159 (Fig. 1). This clearly demonstrates 
that the heparin effect on chloroplast 
import does not occur via the A-domain 
of Toc159. Considering this and the new 
data on the function of the A-domain in 
import selectivity13 future experiments on 
A-domain phosphorylation and chloro-
plast import will need to include a wider 
range of import substrates and competi-
tors. A very interesting question is whether 

surprising and unexpected e.g., (i) the evi-
dent stability of the A-domain as a sepa-
rate protein, (ii) its partial association with 
the membranes and (iii) its high degree of 
phosphorylation. In contrast earlier stud-
ies described the A-domain as highly sen-
sitive to proteolysis and less stable than 
the rest of the protein consisting of the 
Toc159 G- and M-domains (referred to 
as Toc86).19 As such, the regulation of 
the A-domain by multi-site phosphoryla-
tion is not surprising, as it predominantly 
occurs in disordered proteins. However, 
which function of Toc159 is regulated by 
this post-translational modification was 
and still is an uncertain issue. At the date 
of publication of our study the function 
of the A-domain for Toc159 function was 
completely unclear. Only recently, a direct 
implication of the A-domain in the chlo-
roplast import process was established.13 
Chloroplasts lacking the A-domain exhib-
ited a reduced selectivity for the import of 
the Toc159 model substrate preferredoxin, 
a representative preprotein of the “photo-
synthesis-associated” class. Conceivably, 
this function of the A-domain as deter-
minant of Toc complex selectivity is regu-
lated by phosphorylation.

Figure 2. Hypothetical model on the states of the toc159 a-domain. the a-domain may exist in an un-phosphorylated state (bottom). Following 
phosphorylation by cK2 and another kinase at the chloroplast surface it may enter a hyperphosphorylated state (top). Proteolytic cleavage entails the 
release of the a-domain from the rest of the receptor (right). the signals that trigger the different states of the a-domain and the functional process 
that involves the a-domain are so far unknown.
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from phosphorylation, regulation by pro-
teases is irreversible. Therefore the release 
of the A-domain by a so far unidentified, 
possibly membrane located endopeptidase 
would definitively determine the fate of 
the receptor. So far only scarce informa-
tion on outer envelope proteases is avail-
able. The first enzymes identified were 
SPaseI involved in the processing of the 
precursor of Toc75 and several thylakoid 
lumenal proteins (OE33, OE23, plasto-
cyanin)22,23 and AraSP, an inner envelope 
protease, belonging to the S2P family of 
metalloproteases.24 Both enzymes are 
important for chloroplast biogenesis but 
due to their localization unlikely can-
didates for Toc159 processing enzymes. 
Recently, a study of the subplastidal pro-
teome identified several other proteases, 
especially metalloproteases, in the chlo-
roplast envelope (AT_CHLORO).25 It is 
conceivable that the Toc159 processing 
peptidase is among the list of envelope 
proteases of this study. The identification 
of Toc159 A-domain modifying enzymes 
(proteases, kinase[s] and phosphatases) is 
now the next step and will provide new 
and exciting insights into the chloroplast 
import process.
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