Available online at www.sciencedirect.com

science (@)oinect:

Biochimica et Biophysica Acta 1743 (2005) 5-19

BIOCHIMICA ET BIOPHYSICA ACTA

BB,

http://www.elsevier.com/locate/bba

1

ELSEVIER

Review

Protein targeting to the chloroplasts of photosynthetic eukaryotes:
Getting there is half the fun

Nasha Nassoury, David Morse™

Institut de Recherche en Biologie Végétale, Département de Sciences Biologiques, Université de Montréal, 4101 Sherbrooke est,
Montreal, Quebec, Canada HIX 2B2

Received 27 May 2004; received in revised form 10 August 2004; accepted 17 September 2004
Available online 29 September 2004

Abstract

The plastids of many algae are surrounded by three or four membranes, thought to be a consequence of their evolutionary origin through
secondary endosymbiosis between photosynthetic and non-photosynthetic eukaryotes. Each membrane constitutes a barrier to the passage of
proteins, so protein targeting in these complex plastids has an extra level of difficulty when compared to higher plants. In the latter, protein
translocation across the two membranes uses multi-protein complexes that together import proteins possessing an N-terminal leader sequence
rich in serine and threonine (S/T). In contrast, while targeting to most complex plastids also involves an S/T-rich region, this region is
preceded by an N-terminal hydrophobic signal peptide. This arrangement of peptide sequences suggests that proteins directed to complex
plastids pass through the ER, as do other proteins with hydrophobic signal peptides. However, this simplistic view is not always easy to
reconcile with what is known about the different secondary plastids. In the first group, with plastids bounded by three membranes, plastid-
directed proteins do indeed arrive in Golgi-derived vesicles, but a second hydrophobic region follows the S/T-rich region in all leaders. In the
second group, where four membranes completely surround the plastids, it is still not known how the proteins arrive at the plastids, and in
addition, one member of this group uses a targeting signal rich in asparagine and lysine in place of the S/T-rich region. In the third group, the
fourth bounding membrane is contiguous with the ER, but it is not clear what distinguishes plastid membranes from others in the
endomembrane system. Knowing what to expect is important, as genomic sequencing programs may soon be turning up some of the missing
pieces in these translocation puzzles.
© 2004 Elsevier B.V. All rights reserved.
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The evolution of the molecular machinery for oxygenic
photosynthesis in cyanobacteria-like cells more than 3.5
billion years ago [1] changed the form of life forever on
this planet. Furthermore, these cells were so valuable as
energy-producing machines that some eukaryotes enslaved
them to form an endosymbiont. During time, the endo-
symbiont lost its autonomy and gradually transformed into
an organelle. The host cell as well lost autonomy, since the
partnership between the two formerly separate entities was
beneficial for both. This symbiogenesis represents the
merger of two cells to form a novel chimeric organism [2],
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on which natural selection would act to prevent the
scattering of this amalgamation [3]. An additional mech-
anism to ensure the permanence of the arrangement is the
transfer of genes from one partner to the other. However,
gene transfer gives rise to a variety of new problems
related to the evolution of a transport system for the
proteins encoded by the transferred genes. The fundamen-
tal difference between an organelle and an intracellular
symbiont is thus the existence of a specific mechanism that
makes possible protein import to the organelle [4]. All
these complications appear to have made symbiogenesis an
infrequent evolutionary event in the several-billion-year
history of cells [2], yet nonetheless essential for the
formation of mitochondria and different types of plastids
in photosynthetic eukaryotes.
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1. Symbiogenesis has happened infrequently

It is now generally accepted that mitochondria are
derived from a single endosymbiotic event between a host
cell and an a-proteobacteria very early in the evolution of
eukaryotes. This is the only symbiogenic event that is
broadly agreed to be of monophyletic origin [5]. The
origin of chloroplasts is another indisputably symbiogenic
event, but there are still unsettled issues about the number
of times that this event has taken place. For example,

plastids of chlorophytes (green algae, similar to plastids of
land plants), rhodophytes (red algae) and the glaucophytes
are generally termed “primary plastids”, meaning that they
have evolved directly from a symbiotic event between a
photosynthetic prokaryote (cyanobacteria) and a eukaryote
(Fig. 1). All primary plastids are surrounded by two
membranes that correspond to the plasma membranes of
the original eukaryotic and prokaryotic partners. Eventu-
ally, the prokaryote genes were transferred to the eukaryote
genome and mechanisms to translocate proteins from the
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Fig. 1. Schematic representation of plastid evolution. A typical eukaryote, containing both a nucleus and mitochondria, is proposed to have engulfed a
cyanobacterial-like cell in the primary endosymbiotic event that eventually gave rise to all plastids. This original endosymbiont, surrounded by two membranes
and a peptidoglycan wall (dotted line), presumably contained thylakoids dotted with phycobilisomes. Three groups of extant primary plastids are distinguished,
those of green alga and higher plants (which have lost their phycobilisomes), those of the red alga, and those of the glaucophytes (which have retained the
peptidoglycan wall). All have lost the outer bacterial membrane. In the different secondary endosymbioses, a photosynthetic eukaryote (either a red or a green
alga) instead of a cyanobacterial-like cell was engulfed by a new eukaryotic host. Extant secondary plastids are surrounded by either three or four membranes,
and in some cases contain a residual nucleus termed a nucleomorph derived from the original eukaryotic host. In several cases the outer membrane of the
secondary plastid is contiguous with the ER of the new host. No secondary plastids have phycobilisomes, although cryptophytes do have phycobilin pigments
inside the thylakoid lumen.
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transferred genes back to the prokaryote were developed
[6,7].

But how many times had the transformation of endo-
symbionts to primary plastids actually taken place? The
proponents of a monophyletic origin for the primary
endosymbiosis have a strong case, based on plastid gene
phylogenies, plastid gene order [8] and the similarity in gene
content among plastid genomes [2,9,10]. To a first
approximation, the phylogenetic relationships inferred
between the chlorophytes, rhodophytes and glaucophytes
are the same whether nuclear genes or plastid genes are used
(Fig. 1). However, proponents of a separate origin for the
host cells of red and green algae believe that the details of
the reconstructions show inconsistencies between nuclear
and plastid gene phylogenies, and that this is sufficient to
cast doubt on the monophyletic origin idea [11]. With
respect to the identities of genes retained, Stiller and
colleagues have also shown that different plastid genomes
have no more similarity to each other than they do to
mitochondrial genomes once genes related to organelle-
specific function are factored out. They suggest that the
similarities in plastid genome contents can be explained by
convergent evolution as a result of control on the gene loss
rather than a shared evolutionary history [12].

Curiously enough, the first gene phylogenies tended to
support a polyphyletic origin of the primary plastids, for
example in the separate branches of red and green algae
when Rubisco phylogeny is examined [13,14]. Later
interpretations of these data invoked lateral gene transfer
to account for the two different branches, thus allowing
these data to peacefully coexist with the growing consensus
for a monophyletic plastid origin [15] and with the puzzling
presence of a form II Rubisco in the dinoflagellates [16].
However, a similar divergence is seen with chlorophyll a
oxygenase (CAQO) gene phylogenies. This component of the
biosynthetic pathway for chlorophyll 5 synthesis is
expressed in prochlorophytes and green algae but is not
found in cyanobacteria, thodophytes or glaucophytes [17].
To reconcile this with a monophyletic origin, either the gene
was developed independently in chlorophytes or lost in
cyanobacteria and two of the three primary plastid classes
[12]. Given that, to date, plastids do not ally themselves
with any particular group of cyanobacteria, there is still not
sufficient data to exclude multiple endosymbiosis possibly
from different groups of cyanobacteria [8,10,12].

As if the problems with primary plastids were not
enough, there are also seven groups of “secondary plastids”
(Fig. 1). These plastids all share a distinguishing feature of
being surrounded by more than two membranes. Two
groups harbor plastids surrounded by three membranes
(Euglenoids and dinoflagellates), while the other five
contain four membrane-bound plastids (Apicomplexa,
Cryptophytes, Haptophytes, Heterokonts, and Chlorarach-
niophytes). These plastids, also known as complex or
second-hand plastids, are thought to be the consequence of
a secondary endosymbiosis between a photosynthetic and a

non-photosynthetic eukaryote [18], and are principally
responsible for the diversity of different algal groups. As
with the primary plastids, the partnership has become
irreversible due to the transfer of plastid genes to the new
host nucleus. This adds a new layer of complexity to the
return of nuclear-encoded genes, as will be discussed
below. In addition, it might be expected that the different
numbers of membranes around the plastid should hold
important information about the evolutionary history of the
organelle, but this is not the case at least for the triple
membrane bound plastids of Euglena (where the plastid is
derived from a green alga) and the dinoflagellates (where
most of the plastids have a red algal origin).

Once again, the number of times that secondary symbio-
genesis has happened is a key question. One viewpoint
holds that each of these seven groups have obtained their
plastids independently through a separate secondary endo-
symbiotic event [8,10]. An alternative view, based on
complexity of symbiogenesis, is that only two major
independent secondary symbiosis events have occurred,
the engulfment of either a green alga or a red alga by
another eukaryote [2,19]. Here, the chlorarachinophyte
plastids, like those of the euglenophytes, are thought to
have derived from a green algal precursor [20], despite the
nuclear phylogeny that places the heterokonts (with their
red-algal derived plastids) between them [21]. Furthermore,
the secondary plastids of chromalveolates [22], a group
comprised of haptophytes, dinoflagellates, apicomplexa,
cryptophytes and heterokonts, are thought to trace back to
a single common secondary symbiosis of a red alga [21,23—
26] despite the nuclear gene phylogeny that places the
euglenozoa and the chloroarachniophyta among them [21].
Thus, despite the importance of plastid origins in the
analysis of protein targeting mechanisms, it is clear more
work is required to resolve the differences between host cell
and organelle phylogenies.

Lastly, it must be noted that there are also some cases of
tertiary endosymbiosis, where secondary plastids have been
replaced with secondary plastids from a different host [27].
This further complicates both evolutionary relationships and
protein targeting mechanisms, but discussion of these is
beyond the scope of this review.

2. Plastid membranes are biological barriers

We have mentioned plastids that are surrounded by two,
three and sometimes even four membranes, but where do
these membranes come from? It is generally accepted that
new membranes are always formed by division or fusion of
preexisting membranes, and they have only been “made
from scratch” a few times in evolution [2,28]. Therefore,
each membrane around a plastid must have its own
evolutionary history. Cyanobacteria, of course, are Gram-
negative, with an outer periplastic membrane in addition to
the normal plasma membrane. The engulfment of these
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bacteria might be expected to produce an organelle with
three bounding membranes. The outermost membrane
would then correspond to the phagotrophic vacuole of the
host [19] and the innermost membrane to the cyanobacterial
plasma membrane. Which of the three membranes was lost
to produce two membrane-bound plastids? The inner
membrane still seems similar to that of the cyanobacterial
plasma membrane, so either the cyanobacteria escaped from
the phagotrophic membrane and began dividing in the
cytoplasm [19] or the original outer membrane of the
cyanobacteria was lost during a organelle division [29].
Unfortunately, biochemical analyses of the outer membrane
have failed to resolve this issue. On the one hand, the
current outer membrane has high amounts of carotenoids
and galactolipids [30] similar to those found in cyanobacte-
rial outer membrane. These galactolipids in particular are
reported to be involved in interactions between the transit
peptide and the outer plastid membrane [31]. On the other
hand, the outer membrane also has high levels of
phosphatidylcholine [30]. This “eukaryotic” type lipid is
transferred from the ER by lipid transfer proteins and is
thought to have substituted the original bacterial liposac-
charides [32]. The outermost membrane may thus be
chimeric in nature [33]. As recently noted, however,
regardless of which membrane was lost, that remaining
functions as an acceptor for proteins and lipids from the two
sides it has been separating [29]. The magic disappearing act
of the third membrane is thus really nothing more than
sleight of hand.

For plastids that are surrounded by four membranes, the
engulfment of a eukaryote harboring a two membrane
bound plastid can neatly account for the topology. In this
case, the outermost membrane would correspond to the
plasma membrane of the new host, while the membrane
adjacent to it would represent the plasma membrane of the
endosymbiont. In the case of the triple membrane bound
plastids, one of the four membranes around these plastids
has presumably been lost, perhaps in a manner analogous to
the loss of the third membrane from the primary plastids.
Again, the exact nature of the lost membrane is less
important than its capacity to transport proteins. We will
discuss below the evidence that the outer membrane in these
plastids functions as part of the endomembrane system of
the host.

3. Prokaryotes and organelles share two main types of
protein translocation machinery

Independent of the evolutionary origin of the mem-
branes, each constitutes a barrier to the movement of
proteins. This would have become a severe problem
following transfer of genes from the plastid to the host cell
nucleus, as nuclear-encoded proteins synthesized in the
cytoplasm would then have to pass these barriers to re-enter
the plastids. In this context, membrane barriers are a strong

driving force for the evolution of protein import pathways
and, indeed, the development of a protein import machinery
is proposed to be the key step for transforming the free-
living cyanobacteria to an organelle dependent on the host
[4]. The idea of a membrane as a barrier to movement of
proteins is closely associated with the idea of compartments,
as different compartments maintain their identity through
their specific and conserved complement of proteins. The
mechanisms that orchestrate protein movement through
membrane barriers are thus of vital importance to the cell.

As will be discussed below, several evolutionarily
unrelated mechanisms catalyze protein translocation across
membranes, and this presumably reflects the importance of
this process. However, the underlying logic of all protein
translocation mechanisms is similar. For example, all
mechanisms must have a method for identifying the protein
to be translocated amongst the myriad of other proteins
whose destiny is to remain where they are synthesized.
Typically, this involves a peptide signal in the protein to be
translocated, usually at its N-terminal end, and a receptor in
the target membrane that recognizes and binds the signal. A
useful analogy is to imagine the peptide signal as a key,
designed to fit a particular protein receptor lock. The next
element is the translocator itself, a normally impermeable
channel extending through the membrane bilayer. To pursue
the analogy, the channel is the door through which the
proteins will pass. The receptor and channel can be, but are
not necessarily, distinct molecules. Lastly, all translocation
systems use energy to either push or pull the protein through
the channel, and all have a means of ensuring the
translocation occurs unidirectionally. This latter is usually
ensured by the asymmetry of the energy generating
machinery.

Prokaryotes possess two main types of protein trans-
location systems, required for exporting proteins to the
periplasmic space (Table 1). The most basic and most highly
conserved protein translocation machinery is the Sec61/
SecY complex (Sec61 in eukaryotes and SecY in eubacteria
and archea) [34]. The transmembrane component of this
complex is a heterotrimeric protein that serves as a channel.
It is formed from Sec6la (the homologous SecY in
prokaryotes), Sec61y (the homologous SecE in prokar-
yotes), and Sec61p (the homologous Secp in archea or a
non-homologous SecG in eubacteria).

The signal that identifies the protein to be translocated is
a hydrophobic amino acid sequence at its N-terminal end,
presented to the complex either as a nascent protein on a
ribosome or in a complex with the soluble receptor protein
SecA [35]. These two mechanisms are often termed signal
recognition particle (SRP)-dependent and SRP-independent,
respectively. SRP is a GTPase that, in its GTP bound form,
can bind hydrophobic peptides on a protein as they emerge
from a ribosome, and this binding often provokes transla-
tional arrest. Interaction of SRP with a membrane-bound
SRP receptor brings the SRP-ribosome complex into
proximity of a translocator, and it is believed that interaction
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Table 1
Protein components to membrane translocation systems in bacteria and plastids
E. coli Chloroplast
SecY system Tat/ApH Outer membrane Inner membrane Thylakoid membrane
Sec Tat/ApH
Signal Hydrophobic -RR- Hydrophobic S/T-rich transit S/T-rich transit Hydrophobic -RR- Hydrophobic
peptide peptide
Signal receptors SecY TatB Toc33/34 Tic22 cpSecY Hcf106
TatC cpTatC
Translocator channel SecY TatA Toc75 Tic20 cpSecY Tha4 (TatA)
SecE TatB Tocl59 Tic32? cpSecE Hcf106 (TatB)
SecG TatC Tic62 cpTatC
TatE Ticl10
Soluble components SecA Toc159 cpSecA
cpSRP54
Accessory proteins SecD TatD Toc64 Tic55
SecF Tic40?
IAP100?
Energy SecA ApH Toc34? Chaperone ApH
Ribosome Toc159?

between the translocator, the SRP and its receptor triggers
GTP hydrolysis on SRP [36]. SRP in its GDP-bound form
does not bind the hydrophobic peptides, which are then
transferred to the translocator as synthesis restarts. The
presence of ribosomes in the cytoplasm assures the
directionality of translocation, and GTP hydrolysis during
translation transport supplies the energy requirement for
protein translocation.

In contrast to the SRP-dependent mechanism, an ATPase
called SecA is also able to deliver cytoplasmic proteins to
SecY. SecA binds to hydrophobic peptides and to a number
of conserved residues on the cytoplasmic side of the channel
complex that are proposed to act in signal recognition as
well as in binding to SecA [37]. The cytoplasmic location
and ATPase activity of SecA ensures the unidirectionality of
protein translocation through the SecY complex and fulfills
the energy requirement for posttranslational transport,
respectively.

The SecY complex structure is known from X-ray
diffraction of the archeal channel at 0.32-nm resolution
[38]. The channel is formed from «-helices and has an
hourglass shape containing two aqueous funnels and a
constriction in the middle lined by hydrophobic residues.
The hydrophobic residues in the constriction are proposed to
act as a gasket, able to keep water out when closed and to
form a watertight seal around translocating proteins. The
structure also suggests that the pore may open only when a
signal is bound to the complex, an aspect important to the
maintenance of membrane impermeability.

In spite of the common evolutionary history of the
Sec61/SecY complex in prokaryotes and eukaryotes, this
protein translocation machinery does not find widespread
use in protein import into organelles. One possible reason
for this is that the direction of protein translocation depends
on the topology of the transmembrane components of the
SecY complex, which, in turn, depends on their site of

synthesis. If SecY were encoded by the plastid, as is the case
for non-green algae [39], the orientation of the protein
would presumably be that designed for protein export from
the plastid rather than protein entry. Alternatively, it may be
that a mechanism different from that used for secreting
proteins from the cell was required to distinguish plastid-
targeted proteins. In any event, in all extant plastids the
SecY complex is restricted to the thylakoid membranes and
a different protein import mechanism has been developed
for passing the bounding membranes of plastids.

In addition to the SecY complex, prokaryotes also
possess a completely different protein export machinery,
constructed from Tat gene products (for fwin-arginine
translocation) [40]. This name is derived from one of the
two features that distinguish it from the SecY pathway: the
signal identifying proteins translocated by the Tat pathway
contain an obligatory pair of arginine residues immediately
upstream of the hydrophobic region. The second distin-
guishing feature lies in the energy requirement for trans-
location: a ApH across the membrane is required while ATP
or soluble proteins are not. In prokaryotes, there are five
genes implicated genetically, four in the TatABCD operon
in E. coli and another version of the TatA gene, called TatE,
found elsewhere in the genome.

The structure of this protein complex is still unknown, as
is the mechanism employed for translocation. However, in
higher plants, it is restricted to protein translocation across
the thylakoid membranes (like the SecY complex, and
probably for the same reasons). Interestingly, this pathway
was actually first identified in higher plants as the maize
mutant Hef106, defective in a pathway that uses a ApH as
the sole energy source for translocating proteins into the
thylakoid [41]. This protein is homologous to TatA, TatB
and TatE genes, and is predicted to have a single membrane-
spanning region close to the N-terminal end. Another maize
mutant, Tha4, was also found to inhibit the same pathway
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and is actually more closely related to TatA than is Hef106
[42]. This suggests that two versions of the protein must
work together in both higher plants and prokaryotes. The
bacterial TatC gene is an integral membrane protein, and is
thus a more likely candidate for the channel. Again like
SecY, the TatC gene has homologues in the nuclear genome
of Arabidopsis, and in the chloroplast genome of the red
alga Porphyra and the diatom Odontella [43].

In addition to these well-studied pathways, other more
poorly understood mechanisms are also present. For
example, plastid thylakoid development can be inhibited
by mutation in the Alb3 gene, which appears to encode a
protein homologous to the YidC gene in bacteria and the
Oxal gene in mitochondria [44]. Members of this family of
proteins may act as integral membrane chaperones, which
act to promote membrane insertion of proteins in a Sec-
independent manner by recognizing and binding hydro-
phobic regions on the protein. Thus, these proteins appear to
act in membrane insertion rather than in translocation.

It is also important to note that most of the studies on
prokaryotic protein translocation have used non-photo-
synthetic organisms. The distinction is not negligible, as
cyanobacteria have highly differentiated thylakoid mem-
branes that are distinct from the plasma membrane. Some
studies indicate that different signal peptides may impart a
specific destination to a protein [45,46]. However, partially
formed photosystems have been found in the plasma
membrane, suggestive of transfer either to or from the
thylakoids [47]. Perhaps protein targeting in cyanobacteria
may use signals in the leader in some cases and signals in
the mature protein in others as has been found for targeting
to higher plant thylakoids [48].

4. The protein import machinery of primary plastids

The major components of the apparatus for importing
proteins from the cytoplasm into the plastids of higher
plants are now known in some detail and can serve as a
basis for comparison with more complex plastid ultra-
structures. The import machinery is found clustered in two
protein complexes termed Toc and Tic (for translocons for
the outer/inner chloroplast membranes) [49,50]. The Toc
complex recognizes and binds plastid preproteins, and then
translocates them across or inserts them in the outer
membrane. Toc and Tic components connect at plastid
envelope contact sites presumably by preprotein binding,
and the protein is inserted into the Tic components of the
inner membrane. Stromal chaperons then bind to the
preprotein and pull it inside, acting to translocate the
preprotein through the two membranes simultaneously.

The major Toc components identified to date are Toc159,
Toc33/34, and Toc75 (Fig. 2) [51]. It is important to note
that some of these components have homologues in
cyanobacteria while others do not. Toc159 has GTP-binding
motifs in a cytoplasmic domain which share homology with

a distinct family of membrane GTPases [52,53]. This
protein is presumed to be the main receptor for precursor
proteins [51] and does not seem to have significant
homology to any cyanobacterial protein [54]. Instead, it
shows partial similarity to the a-subunit of the host SRP
(signal recognition particle) receptor and may thus be of
host origin [55]. Functionally, this protein appears to act like
a SRP as well: it is found in comparable amounts soluble in
the cytoplasm and integrated in the membrane, and it is
proposed that Toc159 serves as a preprotein receptor by
cycling between cytoplasm and the outer plastid membrane
[56].

Toc33/34 also has a GTP-binding motif similar to that
found in Toc159 [52], and shares limited sequence identity
to cyanobacterial proteins. However, this low similarity is
intriguing as the cyanobacterial proteins in question are the
only small G proteins in the bacteria and the homologous
region corresponds to the GTP-binding domain of Toc34
[54]. One proposed role for Toc34 is in recognition of
preprotein sequences [52], as binding to Toc159 is enhanced
by both GTP and preprotein binding [57]. Recently, it has
been shown that the GTPase activity of Toc34 is necessary
for docking of the receptor Toc159 at the Toc complex and
that the interaction of Toc34 and Tocl59 stimulates
association with the translocon complex [58].

Toc75 is reported to be the most abundant protein of the
chloroplast outer membrane [59,60] and is completely
different from Toc159 and Toc34. It shows homology to a
protein found in the outer membrane of all Gram-negative
bacteria including cyanobacteria (SynToc75) that is reported
to form a voltage-gated channel with high affinity for
peptides in reconstituted liposomes [61]. These Gram-
negative bacteria homologues of Toc75 are involved in
protein export and are reported to secrete virulence factors
across the outer membrane [62]. Interestingly, the Toc75 and
its homologues in Gram-negative bacteria function in
opposite directions compared to one another, with the
nuclear-encoded Toc75 functioning in protein import and
the synToc75 functioning in protein export. This apparent
discrepancy may be related to the topology of the protein, as
Toc75 is nuclear encoded in higher plants and may be
inserted into the outer membrane in a direction opposite
compared to that of synToc75. Alternatively, it may result
from the unusual structure of the Toc75. Instead of the a-
helical structure found for channels such as the SecY
complex [38], both sequence [63] and functional analysis
[64] suggest that Toc75 is a B-barrel. Indeed, it now appears
that Toc75 belongs to a highly conserved Omp85 family of
proteins also found in mitochondrial and bacterial outer
membranes [65]. This structure is important as the larger
and more rigid p-barrel structure offers less opportunity for
regulating channel size than do the smaller and more
flexible a-helical structures, and suggests that proteins
might pass more easily in both directions. The unidirection-
ality of protein translocation observed in plastid Toc75
might result from accessory proteins that bind only to one
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Fig. 2. Schematic views of primary and secondary plastids and the known translocator components. The structure of known peptide leader sequences, and the
compartment to which they are directed, is shown immediately below each schematic of the plastids or cyanobacteria. The sequences marked S/T are rich in the
hydroxylated amino acids serine and threonine, N/K are rich in asparagine and lysine, Phob are rich in hydrophobic amino acids and the black triangles
represent sites for proteolytic cleavage. The known protein translocators, and the membranes in which they are found, are shown where known for each group.
The translocators include Toc complex components in the outer membrane, Tic complex components in the inner membrane, and the Tat and SecY pathways

for import into the thylakoids. Chlorarachniophytes and cryptophytes contain a
addition to the new host cell nucleus (N). A cyanobacterial cell is shown at top

nucleomorph (NM), the remnants of the original endosymbiont nucleus in
for comparison. The three groups of secondary plastids are those with four

membranes lacking CER (top left), with four membranes with CER (right) and those with three membranes (bottom left).

side of the channel or from an association with the inner
membrane translocator.

The translocation across the inner membrane of higher
plant plastids also uses a complex of several proteins, called
the Tic complex, some of which are known to be of
cyanobacterial origin. The major Tic proteins identified are
Ticl10, Tic 62, Tic55, Tic40, Tic32, Tic22 and Tic20 (Fig. 2)
[51]. The first Tic component to be identified was Ticl10,

reported to be the most abundant translocation protein. The
C-terminal of Ticll0 can form a cation-selective high
conductance ion channel and thus may be (or be a main
part of) the import channel across the inner membrane [66].
Furthermore, the bulk of this integral membrane protein has
been shown to function as a docking site for stromal
chaperons assisting the translocation of the precursor
proteins [67]. Ticl10 shares no sequence homology with
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any protein of known function and does not seem to have a
cyanobacterial origin [51].

Tic62 is an integral membrane protein that coimmuno-
precipitates with Tic110 (and Tic55), suggesting that it
forms part of the translocator [68]. It is an integral
membrane protein that interacts with ferredoxin-NADP
oxidoreductase, suggesting it may be able to modulate
protein import as a function of the organellar redox state. It
is interesting that the N-terminal region of the protein has
strong homology to putative proteins with unknown
function in cyanobacteria, glaucophytes and cryptomonads
with unknown function, although these proteins are most
likely soluble and thus not functional homologues of Tic62.
Perhaps this reflects conscription of a prokaryotic protein
for a new function within the eukaryotic host.

Tic55 is another inner membrane component, and
contains a Riesk-type iron—sulfur cluster and a mononuclear
iron-binding site that are usually characteristic of redox
proteins [69]. Tic55 appears to have homology with a
hypothetical protein of unknown function in the cyanobac-
teria Synechocystis, hence suggesting it may have a sym-
biotic origin [54,69].

The role of a recently discovered Tic32 is not yet clear,
although it associates with other Tic components in
immunoprecipitation assays and with precursor proteins
during translocation by cross-linking assays [70]. Tic32
appears essential for viability, as deletions of the gene in
Arabidopsis are lethal during embryo development.

Tic22 is a peripheral inner plastid membrane protein and
is thought to be the first protein that associates with
precursor proteins as they emerge from the Toc complex
and consequently directs them to the inner membrane
translocon [71]. Tic22 is also considered to be the functional
connection of the inner and outer membrane translocon.
There is a cyanobacterial homologue of Tic22 but it has no
known function [54].

Another component of the Tic apparatus with a
homologue of unknown function in the cyanobacteria
Synechocystis is Tic20. Tic20 is an integral protein that
appears to have a role in protein conductance [71]. Tic20
was considered to be an ideal candidate for the inner
membrane protein-translocating channel because of its
structural similarities to prokaryotic amino acid trans-
porters in Bacillus subtilis and Methanococcus jannaschii
[54]. This is supported by the observation that Arabidopsis
plants expressing Tic20 in antisense show a 50% decrease
in the levels of protein import efficiency [72]. The exact
role of Tic20 is uncertain, however, as Ticl10 functions as
an ion channel [73]. TicllO protein levels do increase in
antisense Tic20 plants, which might imply compensation
for a defective inner membrane translocon [72]. It is
possible that Tic110 and Tic20 form distinct translocation
channels, or alternatively, act together to form the ion
channel [73]. Actually, both Tic22 and Tic20 can associate
with Ticl10 and the main Toc proteins and so help to
construct the Toc—Tic supercomplex [71]. This is important

as the Toc-Tic supercomplex is deemed accountable for
the regions of the plastid envelope where the inner and
outer membranes are in close contact together. In fact,
immunolocalization studies have restricted protein inter-
mediates to these regions [74].

The chlorophytes have most of the protein translocators
found in higher plants, with Tic 55 as the only exception.
Similarly, with the exception of Tocl59 and Tic55,
homologues to higher plant protein translocators are also
found in the genome of the red alga Cyanidoschyzon [75].
This strongly supports the monophyly of red and green algal
plastids. So far, little is known about plastid protein
translocators in the Glaucophytes.

5. Evolution of the plastid translocators

There are several different hypotheses for the evolu-
tionary origin of the protein import apparatus. In one
scenario, the synToc75 of Synechocystis, which initially
secreted proteins across the outer membrane of cyanobac-
teria, was transferred to the nucleus of the host and formed
the initial translocator channel capable of importing proteins
after its insertion (in reverse) into the outer membrane of the
plastid [62]. This suggests that the ancestral transit peptide
may have evolved from the bacterial secretion signals that
were the original substrates of SynToc75 [62], and would
explain why the stromal peptidase that cleaves the leader
peptide of plastid precursor proteins has sequence similarity
to Synechocystis peptidases [54]. The inner membrane
channel might then have been formed by modifying the
amino acid-transporting Tic20 protein to increase the size of
the proteins translocated and the efficiency of translocation
[54]. Additional contemporary components of the protein
import machinery may eventually have been added to
optimize efficacy, especially in the aftermath of extensive
gene transfer to the nucleus. Presumably, these additional
components were derived from the host, as components like
Toc159 and Ticl10 do not have bacterial counterparts.

Another scenario, recently advanced by Kilian and Kroth
[29], proposes that proteins produced from genes transferred
to the nucleus might have used the secretory pathway in
order to get to the phagotrophic vacuole in which the
endosymbiont originally found itself. This clearly puts the
outer membrane as part of the hosts’ secretory system [29],
and suggests that early transferred genes had to acquire a
signal peptide in order for the proteins they encoded to
access the secretory pathway and thus pass the outermost
membrane of the plastid. Passage through the inner
membrane would then take place using nonspecific ion
channels [54] or by exploiting the ancestral Tic20 with its
properties as amino acid transporters as described above.
Interestingly, the secretory pathway proposal has the
attractive feature of providing a plausible solution to the
thorny issue of which came first, the translocator or the
signal. A gene transferred from the endosymbiont to the
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nucleus might find itself able to enter the plastid by
exploiting mechanisms already in use in the host cell if it
fortuitously acquired a signal peptide. And why was the
original endosymbiont not digested if it ended up in a
phagocytic vacuole? Recent work has provided strong
evidence that ER membrane recruitment is largely respon-
sible for forming the phagocytic membrane in macrophages
[76]. This suggests that original symbiont may not have
entered a phagosome at all, and that a process inhibiting
phagocyte fusion to an ER-derived membrane, rather than
the more complicated task of getting the original prey out of
a phagocytic vacuole, may have been involved in endo-
symbiosis.

However, the proposed entry of plastid-directed pro-
teins into the secretory pathway solves one problem by
introducing another: how would ER proteins be directed to
the plastid. This is not a trivial issue and it arises again
when protein import mechanisms into complex plastids are
considered (see below). One view is that the ER and outer
plastid membranes are contiguous allowing proteins to
simply diffuse from one to the other. A second option
requires vesicular transport. Here, vesicles full of plastid-
directed proteins might be recognized and targeted
specifically to the organelle, by development of a modified
pair of SNARE proteins, for example [77]. Alternatively,
vesicles containing many different nucleus-encoded plastid
proteins might fuse with plastids and other various
compartments [29]. This form of transport would maintain
plastid identity if the chloroplast proteins were specifically
extracted from the mixture of proteins delivered to the
intermembrane space. Kilian and Kroth propose that the
N-terminal region of the protein, immediately following
the signal peptide, became modified to function as a
transit peptide. In this scenario, the transferred proteins
were escorted by a bipartite presequence containing a
signal peptide as well as a transit peptide (similar to
present-day secondary plastids), and the removal of the
signal peptide exposed the transit peptide. The translocon
in the inner membrane (Tic) would ensure the correct and
efficient protein transport into the endosymbiont of any
proteins with this transit peptide. In the next logical step
in this scenario, when a protein translocator became
established in the outer membrane (Toc), the secretory
pathway was of no further use and the now unneeded
signal sequence could be lost. One must keep in mind that
this tedious gain of the signal peptide, development of a
transit peptide and final loss of the signal peptide are
proposed to have happened only to the genes transferred
to the host at the very primary stages of endosymbiosis
[29]. This hypothesis nicely explains the presence of
Tocl159 in the outer membrane, as its similarity to host
cell signal recognition particle receptor suggests it may
have been introduced into the outer membrane to allow
recognition of a hydrophobic signal peptide [78]. Presum-
ably this role is accomplished by Toc34 in red alga where
Toc159 is not found [75].

6. Evolution of the targeting sequence

These proposed gymnastics of the signal and transit
peptides at the N-terminal end of the proteins underscore
the vital relationship between the sequence key and the
receptor lock that allows a protein passage through the
translocator channel door. Indeed, while the development
of the protein import apparatus is crucial in transforming
the free-living endosymbiont to an organelle, and presum-
ably an inevitable consequence of gene transfer from the
endosymbiont genome to the host nucleus, this must occur
in concert with the mechanism for discriminating which
proteins should be reintroduced into the plastid. How
might a targeting sequence be added to the N-terminal end
of the protein? Some clues are available from studies of
mitochondrial genes. One possible mechanism is exempli-
fied by the rpsl4 gene of maize, which when transferred
from the mitochondrion to the nucleus landed in the intron
of the mitochondrial directed sdh2 gene [79]. Alternative
splicing thus allows the rps14 gene to freeload on the sdh2
targeting system. In another example, the rps10 gene was
transferred into a duplicate gene for mitochondrial hsp22
[80]. Thus, over evolutionary time scales, transfer of a
given gene to the nucleus might have occurred many
times, until eventually the gene found itself adjacent to a
sequence that could serve as a targeting signal. The idea of
repeated gene transfers has received experimental support
from measured gene transfer rates to the nucleus from
mitochondria [81] and chloroplasts [82], and of course any
new gene fusions will be maintained if they provide a
selective advantage for the host. Alternatively, the targeting
signal could have been stitched onto the transferred genes
through exon shuffling. This later idea has experimental
support for the generation of plastid-directed and mito-
chondrial-directed proteins [83,84].

However it happens, the addition of targeting signals
apparently happened early in evolution. The prototypical
“transit peptide” found in chlorophytes and higher plants is a
stretch of amino acids rich in hydroxylated amino acids such
as serine and threonine and contains some basic but few
acidic amino acids [85]. This same transit peptide is also
used for translocation into rhodophyte [86] and glaucophyte
[87] plastids, suggesting that the gene transfers and targeting
signal acquisitions occurred prior to the divergence between
the different primary plastid-containing lineages (compare
Figs. 1 and 2). Furthermore, the same serine/threonine-rich
sequence is also used for entry into the inner two
membranes of dinoflagellate [88] and diatom [89] plastids,
suggesting that gene transfer to the nuclei of the secondary
plastid-containing lineages may have occurred after the first
transit sequence was already in place. However, apicoplast
targeting sequences in Plasmodium [90] and the transit
peptides on proteins encoded by the cryptomonad nucleo-
morph [91] contain roughly much more lysine and
asparagine as they do serine and threonine (Fig. 2). Whether
these are derived modifications in these specific lineages or
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a reflection of different protein translocation systems is an
open question at this point.

7. Protein import into the secondary plastids with three
membranes

Interestingly enough, the leader sequence of proteins
entering the triple membrane bound plastids of Euglenids
and dinoflagellates is similar to that predicted by the
secretory membrane hypothesis [29]. The N-terminal
domain is hydrophobic and is followed by a transit peptide
domain rich in serine and threonine (Fig. 2). The only
unusual feature of these leader sequences is the presence of
a second hydrophobic region that follows the S/T-rich
region.

Euglena plastids are undeniably the most extensively
studied secondary plastids and, in fact, the passage of
nuclear encoded plastid proteins through the secretory
system was initially shown in Euglena by immunolocal-
ization of the light-harvesting protein LHCPII at the EM
level [92]. Several years later, it was shown that the
presequence of the LHCPII did indeed have a functional
ER targeting domain [93]. Furthermore, pulse-chase
experiments have shown that newly synthesized pre-
LHCPII is found first in the ER then in the Golgi
apparatus before arriving in the chloroplasts [94]. All
Euglena’s chloroplast protein presequences have an
unusual second hydrophobic core located downstream of
the transit peptide domain. This second hydrophobic
region acts as a stop transfer sequence after the plastid
proteins begin co-translational translocation to the ER, so
that the C-terminal end of the protein is found in the
cytoplasm. The first hydrophobic region is followed by a
signal peptidase site, so that when synthesis is complete,
the final product is a single pass membrane protein with
the N-terminal transit peptide inside the ER lumen and the
bulk of the protein in the cytoplasm [95]. These integral
membrane proteins maintain their peculiar topology during
vesicular transport to the plastid, so that following fusion
with the outermost chloroplast membrane, the precursor is
embedded in the outer membrane with a transit peptide
dangling down into the intermembrane space. At this
juncture the membrane-bound protein is presumably
capable of moving laterally in the membrane until the
transit peptide reaches import receptors located in the
middle membrane. One likely scenario is that Toc
complexes in the middle membrane, homologous to those
in the outer membrane of primary plastids, would then
bind and begin importing the protein. A potential contact
between Toc and Tic complexes, as found in higher plant
plastids, could then result in import into the plastid stroma.
The inner membrane translocators are presumed here to be
homologues of the Tic complex. Independent of their
identity, concerted translocation across the three mem-
branes would couple ATP hydrolysis to translocation using

Hsp70-like proteins in the stroma. This is important as
energy will presumably be required to pull the hydro-
phobic anchor free of the outer membrane [95].

Recently, a similar role as protein anchor has been
demonstrated for the second hydrophobic core in the leader
sequence of the dinoflagellate plastid-directed proteins [88].
The protease sensitivity of proteins synthesized by in vitro
translation in the presence of microsomes shows that the
bulk of the protein is also on the cytoplasmic side of the ER
membranes, implying they will approach the plastid as
Golgi-derived vesicles with only the transit peptide inside
[88]. This is important because Euglena is phylogenetically
unrelated to dinoflagellates. The similarities in protein
translocation mechanisms thus indicate that they are a
requirement of plastid ultrastructure, not phylogeny.

The crucial feature of this translocation mechanism is the
second hydrophobic region in the leader sequence. As will
be discussed below, four membrane bound plastids have
targeting signals that differ by the absence of the second
hydrophobic region. It seems reasonable that loss of one
membrane from an initial four membrane bound plastid
could be compensated for by accentuating any existing
hydrophobic character in the targeting signal or even the
mature protein sequence. One intriguing question is why the
second hydrophobic region should be required at all. We
have speculated that targeting to the plastid may not be
specific [88], perhaps as a result of the protein having its
bulk in the cytoplasm. This topology suggests that the
proteins may lack the usual cytoplasmic sorting signals
expected to associate with adaptors or coat recruitment
proteins which charge the vesicles with the appropriate
cargo [96]. The hydrophobic membrane anchor would
anchor the proteins to the plasma membrane if accidentally
secreted and could permit their recovery.

8. Protein import into the secondary plastids with four
membranes and CER

The second hydrophobic region is never found in leader
sequences that target proteins to the stroma of four
membrane-bound plastids. Instead, the targeting signals
contain only the hydrophobic ER-signal sequence followed
by the transit peptide (Fig. 2). Despite this general
similarity, details of the targeting mechanism differ in the
two main groups of four membrane-bound plastids. The first
group of four membrane-bound plastids is found in most
heterokonts and cryptophytes, and is characterized by
having ribosomes attached to their outer membrane (often
called chloroplast ER, or CER) [97]. The evolutionary
origin of this membrane is moot since it is thought to be
derived from the food vacuole surrounding the endo-
symbiont and its modification to an ER membrane remains
mysterious [98]. However, in several organisms the CER is
reported to be continuous with the ER and the nuclear
envelope [97,99]. Are the ER and CER functionally distinct
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albeit their continuity? This seems likely in heterokonts, as
GFP accumulates in the plastid when fused with a plastid
preprotein signal peptide, whereas GFP accumulates in the
ER when an ER-targeting signal peptide is used instead
[100]. It has been suggested there is a subtle difference
between the two signal peptides and their recognition sites
[101], even though diatom plastid presequences do enter
canine microsomes in vitro [102]. As a caveat, however,
these observations do not exclude the possibility that some
plastid-targeted proteins directed to the ER instead of the
CER could then be transferred to the CER through the ER/
CER lumenal connections [99]. A receptor/translocator
could be used to sieve out proteins with a transit peptide
from others in the general secretory pathway.

Regardless of the location of translation (i.e., ER or
CER), the mechanism used to pass the three additional
plastid membranes still remains unknown. Thus far, two
models have been proposed. The first involves vesicular
shuttling between the two middle membranes, and is
supported by microscopic observation of vesicles in the
space between them [97]. In this model, plastid-directed
proteins with a signal peptide in their leader sequence
exploit the secretory pathway of the host for targeting to the
outer membrane. Once past this first barrier, proteins found
themselves outside the host cell and at the exterior surface of
a membrane topologically equivalent to the former plasma
membrane of the endosymbiont. This membrane was
presumably capable of endocytosis when the eukaryote
endosymbiont was free-living, and if proteins delivered
from the host cell were taken up by a similar mechanism,
they would find themselves in vesicles between the two
middle membranes. Vesicle fusion would then place the
proteins in front of the innermost plastid membrane, where
transport into the stroma could be mediated by a Tic
transport system [29,98]. There is also some indirect support
for the model, derived from the effects of Brefeldin A on
plastid-directed protein transport in cryptomonads. Brefel-
din A inhibits vesicular traffic in most eukaryotes [103], and
in cryptomonads causes swelling of the space underneath
the outermost membrane of the plastid where the ribosomes
are found attached [104]. One interpretation of this result is
that vesicular traffic inside the plastid is also sensitive to the
drug allowing proteins to build up there. Interestingly, this
model does not require Toc translocator components, in
agreement with the lack of Toc homologues in the almost
complete diatom nuclear genome sequence [105].

The second model for protein transport into the CER-
containing plastids proposes the presence of a protein
translocator, possibly a duplicate of the Toc complex, in
both of the middle two membranes of the plastid [22,106].
In common with the previous model, the signal sequence
would allow passage across the outermost membrane and
the transit peptide would allow the protein to pass through a
Tic complex of the innermost membrane [106]. However,
the vesicular transport step, where proteins effectively vault
over the middle two membranes, is replaced by true

translocation through two successive Toc complexes, one
on each of the membranes. Both of these two Toc
complexes must be nuclear-encoded. While this is self-
evident for most four membrane-bound plastids, it is not
necessarily so for the cryptomonads and chlorarachnio-
phytes that have a miniaturized nucleus termed a nucleo-
morph in between the middle two membranes [91,107]. The
nucleomorph is thought to represent the remnants of the
nucleus belonging to the host of the primary endosymbiont,
as evidenced by phylogenetic analyses that place it among
the algae with mainly primary plastids. However, the
nucleomorph genome of the cryptomonad Guillardia theta
does not encode any Toc complex components (although it
does encode a protein homologous to Tic22 and a
chaperone-binding Tic complex-associated protein called
IAP100) [91]. The jury is still out on the chlorarachniophyte
nucleomorph, as the full sequence is not yet available [108].

Interestingly enough, the cryptomonad nucleomorph
genes encode either chloroplast-targeted proteins or are
housekeeping genes required for expression of those plastid-
directed genes [91]. Obviously, these nucleomorph-encoded
plastid-directed proteins must have a targeting mechanism
in order to cross the two membranes surrounding their
plastid. As one might guess, these proteins do have an N-
terminal extension reminiscent of the transit sequence of
higher plants [91], but differ in that these leaders contain
almost twice as much asparagine and lysine as serine and
threonine (Fig. 2). The preparation of import-competent
chloroplasts from cryptomonads, surrounded by only two
membranes, allowed a direct test of the similarity between
the nucleomorph N-terminal extension and higher plant
transit sequences. While nucleomorph-encoded proteins
were efficiently imported, nuclear-encoded proteins trun-
cated to remove the hydrophobic signal peptide were not
[104]. This result suggests there are two distinct import
pathways for traversing the two inner membranes. Perhaps
nuclear-encoded proteins employ vesicular shuttling while
nucleomorph-encoded proteins require protein translocators
in both of the two remaining membranes.

9. Protein import into the secondary plastids with four
membranes and no CER

The other category of four membrane-bound plastids is
found in the apicomplexans and the chlorarachniophytes.
These plastids lack CER, meaning the outer most membrane
is not continuous with the ER and ribosomes have never
been observed. The phylum Apicomplexa is a group of
obligate endoparasites with members such as Toxoplasma
and Plasmodium that contain a non-photosynthetic secon-
dary plastid termed an apicoplast [109,110] thought to be
involved in fatty acid biosynthesis [111], isoprene formation
and haem synthesis [112]. Chlorarachniophytes contain a
nucleomorph between their two middle membranes which is
a remnant of a green algal nucleus [113], but to date has not
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yet been found to contain any protein translocator compo-
nents [108].

The leader sequence of proteins targeted to the plastids of
this group is not structurally different from that directing
proteins to the plastids containing a CER, as it is composed
of a signal peptide followed by a transit peptide. Most of the
work in this group has focused on protein targeting to
apicoplasts because they can be transformed and have an
important impact on human health [114-116]. The leader
sequence contains a typical hydrophobic signal sequence,
suggesting that the plastid-directed proteins enter the
secretory system through the ER, while the transit peptide
contains an abundance of asparagine, lysine and basic
amino acids [90]. This transport system differs from that
used by the CER-type plastids, in which the ER and the
outer membrane of the plastid are connected, in that the
apicoplast targeted proteins require a separate step of
vesicular transport to arrive at the apicoplast. These proteins
must somehow be sorted from the rest of the secretory
proteins and get transported to the outermost membrane of
the apicoplast. Two different routes for protein trafficking to
the apicoplasts have been proposed to account for this. One
proposed route for protein transport considers the apicoplast
to be an alternate end point of the secretory pathway. As a
consequence of this, one might expect proteins to be
transported in vesicles from the ER to the Golgi where
they can be sorted from other proteins by an unknown
transit-peptide recognition factor. However, so far there is
no evidence that supports a role for the Golgi in the
transport process. In particular, protein transport to the
apicoplast is not blocked by Brefeldin A [117].

In the other proposed route, the apicoplasts are proposed
to lie prior to the point where proteins flowing through the
secretory pathway are sorted. This considers the apicoplast
as a part of the default pathway, and suggests that all proteins
in the secretory pathway must then pass through the outer
membrane space of the apicoplast. Proteins lacking the
transit peptide would continue their passage via vesicle
budding from the apicoplast outer membrane, while proteins
possessing the transit peptide will be drawn in. Recently, a
rule-based predictor tool named PlasmoAP (Plasmodium
falciparum apicoplast-targeted proteins) has been designed
in order to predict the apicoplast-targeted proteins from the P,
falciparum genome. Unlike the hydroxylated amino acid-
rich transit peptides of higher plants, the apicoplast targeting
sequences are rich in asparagine, lysine and basic amino
acids [90]. It has been suggested that this positively charged
transit peptide is electrophoretically pulled into the apico-
plast lumen by a series of negatively charged transmembrane
pores (possible duplicate of the Toc protein complex)
[90,106]. This characterization provides a useful tool to
screen out possible protein translocators in the apicoplast.
For example, the hypothetical Plasmodium protein
(NP_703634) shares 26% sequence identity over 272 amino
acids with Tic22 of G. theta and has an N-terminal
hydrophobic signal peptide followed by a region rich in

asparagines and lysine. Clearly, this is a good candidate for a
plastid translocation complex component in these organisms.
So far, however, no other unambiguous translocator compo-
nents have come to light in the Apicomplexan genome,
although 466 proteins from the total 5282 proteins of P,
falciparum are predicted to be targeted to the apicoplast [90].
The closest match lies with a hypothetical Plasmodium
protein (gi 23619599) that shares weak similarity (1 ¢~’) to
Toc159 from pea and has a leader sequence appropriate for
plastid targeting. Genomic data mining thus has considerable
potential to identify translocator candidates, although all
candidates will require rigorous testing to establish a real
involvement in translocation.

10. Conclusions and perspectives

Cells rely on protein translocators to maintain the
functional identity of each of their different membrane-
bound compartments. In simple systems, such as the two
compartments of cyanobacteria, several protein transloca-
tors (the SecY and TatC complexes) and several types of
targeting signals (hydrophobic regions in the leader
sequence or other regions in the mature protein) are
involved. In more complex systems, such as photosynthetic
eukaryotes, the problem is even more acute as other
compartments in the host could compete with those inside
the plastid. Cells with primary plastids appear to have
resolved this problem by conscripting cyanobacterial protein
translocators (such as synToc75) and overlaying a transit
signal rich in hydroxylated amino acids (such as the original
synToc75 substrate) to the N-terminal end of plastid-
directed proteins. This new protein translocation system
for eukaryotes was distinct from the SecY and TatC systems
used for targeting proteins to the thylakoids, allowing the
elements of the thylakoid targeting mechanism used by the
ancestral prokaryotic symbiont to be conserved. In an
analogous manner, cells with secondary plastids have
overlaid yet another targeting signal on to the N-terminal
end of the protein. This latest system used the same
hydrophobic signal and translocator complex initially used
for protein export by the ancestral prokaryotic symbiont.
The additional membranes separating the host cytoplasm
from the thylakoids allowed this system to be used without
any possible confusion as to the destination of the protein.

It seems likely, therefore, that a limited number of protein
translocating systems have arisen throughout evolution.
Genomic sequencing efforts should thus prove very infor-
mative with respect to determining which translocators will
have homologues in the nuclear genomes of algae with
secondary plastids. The characterization of the protein
components to the import pathway will provide an unam-
biguous picture of which pathways are evolutionarily
conserved and which have been derived de novo. However,
some problems still remain to be resolved. First, for those
plastids with CER, how do proteins get across the second



N. Nassoury, D. Morse / Biochimica et Biophysica Acta 1743 (2005) 5—19 17

membrane? And for those plastids without it, how do protein
get to the plastid from the ER? This later question is even
more acute in the three-membrane bound plastids, where
transport vesicles appear to have the bulk of the protein
rather than a targeting signal in the cytoplasm. So, while we
have come far in our understanding of protein import into
complex plastids, there is still a long way to go. Fortunately,
getting there really is half the fun.
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