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Abstract
Plastids are found across the tree of life in a tremendous diversity of life forms. Surprisingly they
are not limited to photosynthetic organisms but also found in numerous predators and parasites.
An important reason for the pervasiveness of plastids has been their ability to move laterally and
to jump from one branch of the tree of life to the next through secondary endosymbiosis.
Eukaryotic algae have entered endosymbiotic relationships with other eukaryotes on multiple
independent occasions. The descendants of these endosymbiotic events now carry complex
plastids, organelles that are bound by three or even four membranes. As in all endosymbiotic
organelles most of the symbiont’s genes have been transferred to the host and their protein
products have to be imported into the organelle. As four membranes might suggest, this is a
complex process. The emerging mechanisms display a series of translocons that mirror the
divergent ancestry of the membranes they cross. This review is written from a parasite biologist
viewpoint and seeks to provide a brief overview of plastid evolution in particular for readers not
already familiar with plant and algal biology and then focuses on recent molecular discoveries
using genetically tractable Apicomplexa and diatoms.
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Introduction
The massive expansion of cyanobacteria and oxygenizing photosynthesis, began to
transform the atmosphere of our planet about 2.4 billion years ago. This new atmosphere
gave birth to an explosion of complex life forms that took advantage of molecular oxygen
and the large amount of energy that can be gained through oxidative phosphorylation.
Cyanobacteria also gave rise to the chloroplasts of plants and algae further increasing their
numbers and ecological impact (Cavalier-Smith 1982; Gray 1993). There is now broad
support for an endosymbiosis model of plastid genesis (Gould et al. 2008). According to this
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model a cyanobacterium was taken up by an early eukaryote and subsequently domesticated
into a dependent organelle (Fig. 1A). It appears that a single endosymbiotic event was
responsible for the origin of the three major extant lineages of photosynthetic eukaryotes
namely the red and green algae (including their progeny, the green plants) and the
glaucophytes. Members of these groups possess plastids surrounded by two membranes and
we will refer to these as primary plastids (Adl et al. 2005).

Endosymbiosis and the Complex Ancestry of Complex Plastids
Primary plastids were massively successful but do not yet represent the end of the journey
cyanobacteria have taken through the eukaryotic tree of life. In addition plastids were
acquired laterally by secondary endosymbiosis to give rise to “secondary” or “complex”
plastids spreading them further into previously non-photosynthetic eukaryotes (Cavalier-
Smith 1982). Although the plastid is now the most conspicuous remnant of these events, it is
important to bear in mind that as depicted in Figure 1A, an entire eukaryotic alga was the
initial endosymbiont in these events. This eukaryotic cell within a second eukaryotic cell
was then gradually reduced to the feature most useful to the host, the plastid. This origin is
still reflected in the additional membranes found in secondary plastids, and, as we will
discuss in more detail below, also in the origin and mechanisms of some of the protein
import machinery. Secondary acquisition of plastids appears to have occurred in at least
three independent incidents and gave rise to major branches of the eukaryotic tree. The
plastids of euglenids and chlorarachniophytes arose by enslavement of two different green
algae with chlorophyll a and b. Chlorarachniophytes are a group of unicellular green protists
with some purely photosynthetic members (Lotharella globosa), and other species that are
both photosynthetic and phagotrophic (Chlorarachnion). Euglenids are nutritionally even
more diverse, ranging from photosynthetic species like Euglena spp, to phagotrophic
petalomonads and peranemids (specialized on bacterial or eukaryotic prey respectively), to
saprotrophs, which show no trace of plastids or have lost photosynthesis but retain a
colorless plastid with a reduced genome. Initial studies postulated a common origin for
chlorarachniophyptes and euglenids, but this hypothesis was later refuted (Rogers et al.
2007). Phylogenetic analysis of plastid proteins from the chlorachniophyte Bigelowiella
natans supported an independent origin of plastids in these two groups (Rogers et al. 2007).
In contrast, the plastids found in cryptomonads, haptophytes, stramenopiles, dinoflagellates
and Apicomplexa are of red algal origin. The discovery of apicoplasts, plastids in the non-
photosynthetic Apicomplexa, has fostered the idea of a common origin, for an at first sight
rather incoherent group of organisms. The chromalveolate hypothesis proposes that a single
endosymbiotic event followed by subsequent diversification was responsible for acquisition
of the present day complex plastids in all these taxa (Cavalier-Smith 1999). The resulting
super-phylum Chromalveolata (joining chromists and alveolates) represents as much as half
of the thus far described protists and also includes many multicellular groups (see Fig. 1B).
In addition to the plastid-containing taxa mentioned above the Chromalveolata also include
groups such as the oomycetes or ciliates that may have possessed plastids in the past but
have subsequently lost them (Cavalier-Smith and Chao 2006). Overall this represents a
highly diverse group that has adapted to a tremendous breadth of ecological niches including
autotrophy, predation and parasitism. Additional evidence in support of this hypothesis came
from phylogenetic studies on glyceraldehyde 3- phosphate dehydrogenase (Fast et al. 2001;
Harper and Keeling 2003; Harper et al. 2005). The common ancestor of different
chromalveolate groups, cryptomonads, dinoflagellates and Apicomplexa seem to have
replaced their plastid GAPDH gene with a cytosolic form that underwent duplication and
acquired plastid targeting signal. It is unlikely that four different groups of organisms
independently followed this complex path of locus evolution and it appears more
parsimonious to conclude that diversification of chromalveolates was preceded by a single
common endosymbiotic event involving a red alga. Further support for the red algal origin
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of chromalveolate plastids comes from the recent description of a photosynthetic
apicomplexan, Chromera velia, a coral symbiont (Moore et al. 2008). This discovery has
also produced interesting insights into the common origin of apicomplexan and
dinoflagellate plastids (Janouskovec et al. 2010). C. velia plastids have features found in
dinoflagellate plastids including a peculiar rubisco that appears to be acquired by horizontal
transfer, transcript polyuridylation, and triplet stacking of thylakoids. In contrast, the plastid-
encoded psbA gene of C. velia utilises the canonical UGA stop codon to encode tryptophan
similar to its counterpart in the apicoplast genome and furthermore the gene order in the
ribosomal superoperon is highly conserved. Careful phylogenetic analysis of C. velia plastid
genes shows an overall closer affiliation to apicomplexan plastids and confirms a common
red algal origin of both apicomplexan and peridinin-containing dinoflagellate plastids
(Janouskovec et al. 2010; Moore et al. 2008).

All Plastids Import the Bulk of their Proteome
Plastids are important organelles and home to numerous essential cellular functions.
Photosynthesis is an obvious plastid function and its benefits likely drove the initial
endosymbiosis. However, plastids are central anabolic hubs that provide cells with
additional key metabolites such as heme, aromatic amino acids, fatty acids, isoprenoids, and
phospholipids, and this is true for primary as well as secondary plastids. These metabolic
functions appear responsible for plastid persistence even after loss of photosynthesis in taxa
like the Apicomplexa (Seeber and Soldati-Favre 2010). The metabolic functions of the
apicoplast are heavily pursued as potential drug targets in particular for the treatment of
malaria. Compatible with their complex functions, plastids have a complex proteome made
up of hundreds of proteins. Although all currently known plastids maintain an organellar
genome, this genome encodes only a relatively small number of proteins. As an example, the
chloroplast proteome of higher plants is estimated to be comprised of about 4000
polypeptides (Leister 2003), a number far in excess of the 130 gene products encoded by the
organellar genome (Wakasugi et al. 2001). Much of the symbiont’s genetic information has
been transferred to the host thus providing central control over function and inheritance
(Kleine et al. 2009; Martin et al. 1993; Martin and Herrmann 1998). This applies to primary
and secondary endosymbiosis. In the case of secondary plastids, genes were largely
transferred from the nucleus of the algal symbiont to the nucleus of the host, however
additional transfer may also have occurred from the symbiont’s plastid genome to the host
nucleus (McFadden 1999). The endosymbiont nucleus underwent severe reduction through
this process and in most cases (as in the apicomplexan plastid) was lost entirely.
Fascinatingly, in cryptophytes and chlorarachinophytes a small remnant of the nucleus, the
nucleomorph, resides between the second and third membrane of the organelle (Douglas et
al. 2001; Gilson and McFadden 1996) (see Fig. 2 B and E for a schematic representation).
The nucleomorph genomes of both groups are very compact and organized into three small
linear chromosomes with telomeres at their ends (Gilson and McFadden 1995, 2002). An
obvious consequence of gene transfer is that the bulk of the proteome now has to be post-
translationally imported. The relative complexity of establishing protein import mechanisms
to accomplish this might have limited the number of endosymbiotic events throughout
evolution (Cavalier-Smith 1999).

Our understanding of the molecular detail of protein import mechanisms in different
complex plastids has benefited tremendously from the quickly growing number of complete
genome sequences (nuclear, nucleomorph and plastid) and the successful establishment of
genetic transfection models in apicomplexan parasites (mostly Toxoplasma and
Plasmodium), diatoms (Phaeodactylum and Thalassiosira), and most recently in
chlorarachniophytes (Lotharella amoebiformis). In this review we will try to capture the
complex journey of nuclear- encoded plastid proteins, the similarities and differences in the
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pathways between different taxa and between plastids bounded by four versus three
membranes.

N-terminal Leaders Guide Trafficking to the Plastid
Most plastid proteins initially possess sequences at their N-termini that guide targeting to the
organelle, and these are commonly referred to as transit peptides. Plant chloroplast transit
peptides are characterized by an overall positive charge and are enriched for the
hydroxylated amino acids, serine and threonine. These transit peptides have been shown to
be necessary and sufficient for targeting GFP and other reporters to the chloroplast.
Secondary plastid proteins of heterokonts, cryptomonads, Apicomplexa,
chlorarachinophytes, dinoflagellates and euglenids all seem to require additional targeting
information that is also encoded at the N-terminus. The targeting information for complex
plastids consists minimally of a bipartite signal made up of at least two sequential elements,
the signal peptide and the transit peptide. The first part is the signal peptide that allows co-
translational insertion of preproteins into the ER (Bhaya and Grossman 1991). This is
thought to occur using the Sec61 translocon, a mechanism described for a large variety of
secretory proteins (Rapoport 2007). Numerous studies have shown that this signal peptide
once isolated confers secretion to a reporter (DeRocher et al. 2000; Waller et al. 2000).
Furthermore, in the bipartite context, the signal peptide can be replaced with a canonical
signal peptide from a secretory protein without loss of plastid targeting (Tonkin et al.
2006b). The cleavage of the signal peptide, which is typical for this process would then
reveal the second part, the transit peptide, which appears to be responsible for the remainder
of the journey of plastid proteins with the stromal compartment as final destination. Several
groups have now confirmed that transit peptides from secondary plastids (euglenids,
Apicomplexa, cryptomonads and heterokonts) when fused to a reporter such as GFP can
mediate protein import into isolated primary plastids of higher plants in vitro suggesting that
they share structural and functional characteristics with plant transit peptides (Ralph et al.
2004b). For example a truncated form of plastid GAPDH from the cryptophyte Guillardia
theta that lacks a signal peptide is translocated across the two membranes of the pea
chloroplast (Wastl and Maier 2000). The processing of signal peptides is thought to be fast
and likely occurs before the protein is synthesized to full length; transit peptide processing is
slower. Using pulse chase labeling with radioactive amino acids and immunoprecipitation of
an apicoplast-targeted acyl carrier protein-GFP fusion protein in P. falciparum, van Dooren
et al. estimated that plastid proteins take an average of 90 minutes to reach the stroma (van
Dooren et al. 2002).

Although the transit peptide is not clearly defined at the primary sequence level, some
common features have emerged. The transit peptides of apicoplast proteins in T. gondii and
P. falciparum are characterized by an overall abundance of positively charged residues.
Analysis of transit peptide variants generated by mutagenesis or de novo design suggest that
a net positive charge is necessary for import but that the exact position of positively charged
residue can be flexible (Foth et al. 2003; Tonkin et al. 2006a). Complex plastids with their
multiple membranes have numerous destinations that require differential targeting. An
important example is the space between the 2nd and 3rd membrane, the periplastid
compartment or PPC. In cryptomonads and chlorarachniophytes this is home to the reduced
algal nucleus and thus likely represents the remnant of the algal cytoplasm. The
nucleomorph genome encodes many of the housekeeping proteins required to maintain this
nucleus (in addition to a smaller subset that targets to the stroma of the plastid). However, a
significant number of proteins essential for DNA replication and protein synthesis in this
space are encoded by the host nucleus. Proteins targeted to the stroma in cryptophytes are
distinguished from those targeted to the periplastid compartment by the presence of an
aromatic amino acid at the +1 position of the transit peptide (Gould et al. 2006; Kilian and
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Kroth 2005). A similar pattern was subsequently found in plastid proteins from organisms
that have lost the nucleomorph, like diatoms (Kilian and Kroth 2005), haptophytes (Patron et
al. 2006), dinoflagellates (Patron et al. 2005) and P. falciparum (Ralph et al. 2004a).
Recently Ishida and colleagues found that in the chlorarachniophyte L. amoebiformis, the
presence of negative charges in the transit peptide of an elongation factor-like protein was
important for accurate targeting to the PPC (Hirakawa et al. 2010).

Protein targeting to the three membrane bound plastid of Euglena occurs via the secretory
pathway analogous to other complex plastids, however in some cases this requires a
tripartite presequence (Durnford and Gray 2006; Patron et al. 2005). In addition to the signal
and transit peptide sequences found in other complex plastids which ensure transport into
the ER and across inner membranes of the plastid, Euglena plastid proteins feature a third
domain (also present in some dinoflagellates plastid proteins). This domain acts as a
hydrophobic stop transfer signal and allows precursor proteins to be transported to the
plastid as integral membrane proteins (Sulli et al. 1999; van Dooren et al. 2001).
Experiments using the Euglena light harvesting chlorophyll a/b-binding protein of
photosystem II and a canine microsome membrane system have validated this model
(Kishore et al. 1993). The first segment (a signal peptide) is required for co-translation
insertion and is cleaved. The transit peptide is followed by the second hydrophobic region
that prevents full translocation. Thus plastid directed proteins remain associated with the ER
(and Golgi) membranes, instead of being soluble in the lumen of the endomembrane system.
Note that the bulk of the proteins remains exposed to the cytoplasm under this model, a
prediction that is supported by protease digestion experiments (Sulli et al. 1999).
Dinoflagellate plastid-directed proteins feature leader sequences that are functionally similar
to those found in Euglena suggesting that the second hydrophobic region might be linked to
the three membrane topology of euglenid and dinoflagellate plastids (Nassoury et al. 2003;
Patron et al. 2005). It appears that the transit peptide is required and sufficient to cross the
remaining inner membranes in all complex plastids. Once inside the plastid stroma, a
protease related to plant stromal processing peptidase is thought to cleave the transit peptide
to release the mature protein. A SPP homolog has been identified in P. falciparum and is
speculated to reside in the apicoplast lumen (van Dooren et al. 2002).

While bipartite leader sequences have been identified and validated in many proteins in
different organisms they are not found on all plastid proteins. Several apicomplexan
proteins, in particular membrane and intermembrane proteins have been reported that lack
canonical plastid signaling sequences. Examples of such proteins include FtsH1, a zinc
finger metalloprotease, that undergoes both N and C-terminal processing, (Karnataki et al.
2007b, 2009) ATRX1, a thioredoxin like protein that is targeted to the outermost apicoplast
membrane (DeRocher et al. 2008) and apicoplast phosphate translocators that show
differential targeting in T. gondii and P. falciparum (Karnataki et al. 2007a; Mullin et al.
2006). It is not clear how these proteins traverse the plastid membranes at this time but one
of the transmembrane domains of these proteins may act as cryptic signal anchor. It is
important to consider here that there are many distinct destinations within secondary plastids
(4 membranes and 4 luminal or intermembrane compartments) that proteins need to be
targeted to. The differences in the structure and topology of transit peptides might be an
important clue for differential targeting mechanisms.

Crossing Multiple Membranes Using Specific and Distinct Translocons
A variety of mechanistic models have been developed to explain how nuclear-encoded
proteins cross the many membranes that define complex plastids. Over time these models
invoked internal vesicular trafficking and membrane fission and fusion (Gibbs 1981; Kilian
and Kroth 2005), transport by an unspecific pore, and more recently a series of protein
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translocons of varied origin (Bodyl 2004; Cavalier-Smith 1999). Our view of the precise
nature and sequence of these translocons has evolved rapidly over recent years as more and
more molecular and functional data became available. An important observation from this
work is that in general membranes are crossed with the help of translocons derived from the
organism that “donated” the membrane to the complex organelle. In other words evolution
matters, and mechanisms set up at the beginning are very stable and remain in place over
hundreds of millions of years despite dramatic cellular reduction and reorganization. To
fully appreciate this it might be helpful to the reader less familiar with the diverse set of
organisms that harbor secondary plastids to quickly reconsider the origin of the various
membranes involved. During secondary endosymbiosis an alga was endocytosed into a
vacuole most likely derived from the host endomembrane system (Fig. 1A; Archibald and
Keeling 2002; Delwiche 1999; Gould et al. 2008; van Dooren et al. 2001). This is believed
to now represent the outermost membrane. Following this line of thought the next
membrane (the periplastid membrane) would be a derivative of the plasma membrane of the
alga. The two innermost membranes are likely equivalent to the two chloroplast envelope
membranes. Note that as in the original chloroplast these two membrane show tight physical
apposition (Tomova et al. 2006). Chlorarachinophytes, heterokontophytes, haptophytes,
cryptophytes and Apicomplexa have four membrane bound plastids. Phototrophic
euglenophytes and peridinin containing dinoflagellates posses plastids that are bound by
three membranes (Cavalier-Smith 1999). The third membrane of euglenid plastids has been
argued to be either a remnant of the algal plasma membrane, or the host food vacuole
membrane (Whatley et al. 1979). It is not inconceivable that the difference in numbers of
membranes may be linked to a particular form of predatory “vampirism” found in members
of these taxa called myzocytosis. In this process the membrane of a prey organism is
punctured and the cellular contents are sucked into a phagosome leaving the empty
membrane behind (Lukes et al. 2009).

The Search for Tic and Toc in Secondary Plastids
As detailed above, the two innermost membranes of all secondary plastids are considered to
be equivalent to membranes of the algal chloroplast. Plant chloroplast protein import has
been studied in considerable detail and is mediated by two macromolecular protein
complexes that translocate proteins across the two membranes. These are: the translocon of
the outer chloroplast membrane (Toc) and the translocon of the inner chloroplast membrane
(Tic) (Soll and Schleiff 2004). Numerous proteins have been identified in these complexes;
we focus here on a smaller subset that has also been found in secondary plastids. Critical
components of the Toc complex in plants are the receptor proteins Toc34 and Toc159 that
recognize transit peptide bearing proteins and direct them to the β barrel pore in the outer
membrane Toc75 (Schleiff et al. 2003). Only homologs of Toc75 and Toc34 have been
identified so far in the genome of the red alga Cyanidioschyzon merolae (McFadden and van
Dooren 2004). Once through the outer membrane, proteins interact with and subsequently
pass through the Tic complex. Tic 22 is located in the space between the two membranes
and interacts with both Tic and Toc components and may function to hand over proteins
from one to the other complex (Becker et al. 2004; Kouranov et al. 1998). Tic20 is an
integral membrane protein and together with Tic 110 has been thought to function as part of
the protein pore that facilitates protein transport across the inner membrane. Note that some
researchers think of Tic20 as the actual pore while others favor Tic110 (Becker et al. 2005).
Inside the chloroplast lumen, the AAA-ATPase chaperon ClpC interacts with Tic40 and
Tic110 and appears to provide the mechanical force needed for pulling proteins across the
inner membrane (Kovacheva et al. 2005). On arrival in the chloroplast stroma the transit
peptide is removed by the stromal processing peptidase (Richter and Lamppa 1998) thus
releasing the mature protein to be folded properly by the stromal chaperones (Li and Chiu

Agrawal and Striepen Page 6

Protist. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2010). The transit peptide is further degraded by the presequence peptidase (Stahl et al.
2005).

Genome sequencing efforts for numerous organisms with secondary plastids has opened the
hunt for components of protein translocons using bioinformatic approaches. Comparative
genome-wide searches have since identified several members of the Tic complex in
secondary plastid containing organisms (see Table 1 for a list of Tic and Toc components).
The nucleomorph genome of the cryptophyte G. theta encodes homologs of Tic110, Tic22
and a chaperone-binding Tic complex-associated protein called IAP100 (McFadden and van
Dooren 2004), while a Tic20 gene is present on the B. natans nucleomorph (Gilson et al.
2006). Importantly, all of these components are also found in the genome of the red alga C.
merolae (McFadden and van Dooren 2004). Homologs of Tic20 and Tic22 have also been
identified in a variety of Apicomplexa with the marked exception of the plastid-less genus
Cryptosporidium (van Dooren et al. 2008). Toxoplasma Tic20 (TgTic20) possesses a
canonical N-terminal bipartite signal sequence that is cleaved and has four transmembrane
domains. Adapting split-GFP technology van Dooren and colleagues further demonstrated
that TgTic20 is an integral protein of the innermost membrane with both the N- and C-
terminus of the protein facing the inside of apicoplast stroma (van Dooren et al. 2008). The
split-GFP assay uses two fragments of GFP that are inserted into candidate genes to produce
translational fusions (Cabantous and Waldo 2006). If the resulting proteins co-localize to a
particular compartment they assemble into a fluorescent reporter. This system has proven to
be very useful to dissect the complex compartmentalization of secondary plastids in
Apicomplexa and more recently in diatoms. The human parasite Toxoplasma has become a
somewhat surprising yet quite powerful experimental model organism to study plastid
biology. One of the most helpful tools is the ability to construct conditional null mutants.
Such genetic analysis provides a rigorous test for the importance and function of
presumptive translocon components. This is particularly important for components that only
share modest sequence conservation across taxa or that are specific to secondary plastids.
Genetic ablation of Toxoplasma TgTic20 leads to parasite death (van Dooren et al. 2008).
While the Toxoplasma plastid cannot be isolated in significant quantity at this point several
assays have been recently developed to measure protein import following posttranslational
modification of reporter proteins. These analyses demonstrate that the TgTic20 mutant
shows profound loss of protein import followed by organelle loss and cell death (van
Dooren et al. 2008). Similarly a second putative member of the Tic complex, Tic22, has
been identified in P. falciparum and T. gondii apicoplast (Kalanon et al. 2009). Inducible
knock down of TgTic22 results in loss of import and parasite viability similar to TgTic20
ablation suggesting an important role in the apicoplast protein import apparatus (Giel van
Dooren, Swati Agrawal and Boris Striepen unpublished). It remains to be tested whether
Apicomplexa have lost other Tic components, which may suggest fundamental differences
in protein import mechanisms between the chromists and Apicomplexa, or if these
components have simply diverged sufficiently to preclude identification by primary
sequence comparison.

In contrast to the Tic components, homologs of the Toc complex have been surprisingly
hard to find in complex plastids. This observation could be attributed to the loss of Toc
components in which case a different translocon might have replaced the Toc complex (a
second Der1 translocon has been speculated to serve in this function (Tonkin et al. 2008)).
Alternatively it is possible that the Toc protein homologs in secondary plastids are too
divergent to be identified. Nonetheless, Bullmann and colleagues recently reported the
presence of an omp85 like protein in the second innermost membrane of the complex plastid
of the diatom Phaeodactylum tricornutum (Bullmann et al. 2010). Physiochemical studies
using recombinant protein reconstituted into membranes show that ptOmp85 shares
electrophysiological characteristics with its cyanobacterial counterparts and the Toc75
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protein from land plants. Taken together the size and gating behavior of the pore and the
presence of primary and secondary sequence features suggest that this protein is a strong
candidate for a Toc component in complex plastids. There are similar beta barrel proteins in
Apicomplexa, their localization and function is currently unknown. A Toc75 homolog is
also encoded on the nucleomorph genome of the chlorarachniophyte B. natans (Gilson et al.
2006). Lastly, a putative Toc34 homolog has also been described in P. falciparum, but its
function and role in import has not been tested (Waller and McFadden 2005). The overall
working model that emerges is that the two innermost membranes of complex plastids share
the import machinery of primary plastids in broad strokes, but that the system has
experienced considerable diversification and adaptation in different taxa.

Crossing the Algal Plasma Membrane by Retooling an ER Protein
Extraction Machinery

The second outermost membrane (in plastids with four membranes) or periplastid membrane
is thought to be a remnant of the algal plasma membrane. The establishment of a protein
import apparatus across this membrane can be considered a key event of secondary
endosymbiosis as it directly links host and endosymbiont opening the door for
communication and gene transfer. Several hypotheses have been put forward in the past to
explain traffic across this border, but the lack of experimental evidence made it hard to
distinguish between these different models. Recently, substantial insights into the molecular
determinants that might mediate import across this membrane have emerged. A key
observation came from sequencing the nucleomorph genome of the cryptophyte G. theta.
The highly reduced nucleomorph genome surprisingly retains the genes for key elements of
the endoplasmic reticulum-associated degradation system (Sommer et al. 2007) (see Table 1
for list of plastid specific ERAD and ubiquitination components in cryptomonads, diatoms
and Apicomplexa). The ERAD pathway is generally responsible for ER homeostasis by
retro-translocating misfolded secretory proteins from the ER followed by degradation by the
proteasome in the cytosol. Elements of the ERAD machinery found in the cryptomonad
nucleomorph genome are Der-1 (a candidate for the translocation channel), the AAA-
ATPase Cdc48 and its cofactor Ufd-1. Note that there is no indication of Sec61, an
alternative candidate for the ERAD pore. Der-1 is a small four trans-membrane domain
containing protein, shown to be essential for retrotranslocation of misfolded luminal proteins
from the ER in yeast and human cells (Ye et al. 2004). Translocating proteins are marked for
degradation by conjugation of ubiquitin resulting in polyubiquitin chains. This appears to
occur during translocation on the cytoplasmic face of the membrane. Cdc48 subsequently
extracts these substrate proteins from the pore with the help of its cofactors, Ufd-1–Npl4
complex (Ye et al. 2004). Cdc48 has additional functions in protein extraction and
degradation and many of these functions are linked to ubiquitination. Sommer and
colleagues argued that protein degradation might not be the primary function of these
proteins in secondary plastids and proposed a new role for this ERAD derived translocon
(Sommer et al. 2007). They speculated that components of this ERAD complex might be
involved in transport across the periplastid membrane in complex plastids. The hypothesis
was subsequently tested in several organisms including cryptomonads, diatoms, and
Apicomplexa (Agrawal et al. 2009; Kalanon et al. 2009; Sommer et al. 2007; Spork et al.
2009). As an example we demonstrated that the T. gondii nuclear genome encodes multiple
paralogs of key components of ERAD including the pore candidate Der1, Cdc48 and Ufd-1.
Immunofluorescence analysis of epitope tagged fusion products of these genes demonstrated
the presence of two putative complexes. One set of components localizes to the ER and the
cytoplasm; consistent with the well-described role of ERAD in degradation of misfolded ER
proteins. A second set of ERAD components however localized to the apicoplast. EM
analysis further confirmed peripheral localization of these components in the apicoplast.
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Using split GFP assays in the diatom P. tricornutum Hempel and colleagues confirmed that
Der-1 is associated with the third membrane as proposed in the initial hypothesis (Hempel et
al. 2009; Spork et al. 2009). To further investigate the role of these plastid localized
proteins, we generated a conditional knock out in the apicoplast specific Der-1 paralog in
Toxoplasma. Genetic ablation of the protein leads to a rapid loss of protein import as
measured by pulse chase assay of post-translational modification associated with plastid
targeting (Agrawal et al. 2009). Loss of protein import results in apicoplast biogenesis
defects and ultimately parasite death. Phylogenetic analysis of the two Cdc48 paralogues
found in organisms with complex plastids showed a divergent evolutionary origin of these
two proteins. The plastid specific Cdc48 paralogs of Apicomplexa and diatoms show strong
affinity with their red algal counterparts (Agrawal et al. 2009) while the cytoplasmic
proteins of Apicomplexa are most closely related to Cdc48 proteins of their sister phyla of
ciliates and dinoflagellates. This phylogeny, along with the presence of ERAD genes on the
nucleomorph genome, strongly suggests that the plastid system evolved through the
adaptation of the endosymbiont’s ERAD machinery. Interestingly, such an adaptation might
have been relatively straightforward. Duplication of Der1 and relocation to the plasma
membrane of the endosymbiont likely represented the first step. Topologically the ERAD
system still imported into same compartment, the cytoplasm of the endosymbiont, and the
numerous factors required to pull, fold and modify cargo proteins were already in place.

As mentioned earlier, classical ERAD is coupled with ubiquitination to mark proteins for
subsequent degradation by the proteasome. Ubiquitination is a highly regulated process that
in most systems requires the activity of three key proteins, namely the ubiquitin activating
(E1), conjugating (E2) and ligase (E3) enzymes to transfer ubiquitin onto target proteins.
The covalent addition of ubiquitin to a substrate starts with the activation of ubiquitin using
ATP to form an ubiquitin-adenylate intermediate followed by transfer to the active site
cysteine residue of E1 enzyme and the release of AMP. Ubiquitin is then transferred to the
next enzyme of the pathway, E2 by a trans-thioesterification reaction. In the final step the C-
terminal glycine of ubiquitin is ligated through an isopeptide bond to a lysine residue of the
target protein. This step is mediated by an E3 enzyme and this step confers specificity for
the final substrate (Haas and Siepmann 1997; Siepmann et al. 2003). Through this process
single as well as multiple ubiquitin molecules can be added to a substrate protein.
Polyubiquitin chains form by addition of ubiquitin on the lysine residues of a previously
attached ubiquitin. Although the earliest reported functions of ubiquitin focused on its role
in proteasomal degradation (Elsasser and Finley 2005; Miller and Gordon 2005), we now
know that ubiquitin is important for many other physiological processes, including
endocytosis, vesicular trafficking (Hicke 2001; Raiborg et al. 2003; Staub and Rotin 2006),
cell-cycle control, stress response, DNA repair, signalling, transcription and gene silencing
(Di Fiore et al. 2003; Haglund and Dikic 2005; Huang and D'Andrea 2006). Ubiquitin
conjugation has been reported to be critical for both the ERAD translocation step and the
subsequent degradation in the proteasome. There is accumulating evidence that
cryptomonads, Apicomplexa and diatoms, all possess plastid-specific ubiquitination factors
(Hempel et al. 2010; Spork et al. 2009; Swati Agrawal, Giel van Dooren, and Boris Striepen
unpublished). Biochemical studies using recombinant proteins further suggest that these
enzymes have the ability to activate and transfer ubiquitin. However, some questions
remain. Most importantly, is ubiquitination required for plastid import? The model would
suggest that plastid-targeted preproteins are ubiquitinated at some point of their journey.
Unfortunately this has not been robustly demonstrated so far. However, there may be
technical reasons for this, e.g. modification is only transient and therefore difficult to detect.
It may be interesting to note in this context that plastid specific deubiquitinases have been
reported in the P. tricornitum (Hempel et al. 2010). Ubiquitylation of plastid cargo may
serve multiple functions. The first function that comes to mind is as an additional signal for
movement of preproteins across the membranes, and this may be a requirement for the
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activity of Cdc48 in this process. Alternatively, ubiquitination may provide the signal
necessary for retention of proteins in intermediary compartments. Ubiquitin may also serve
as a specific signal for only a subset of plastid proteins. Ubiquitin has emerged at the center
of numerous sorting and transport processes (Mukhopadhyay and Riezman 2007), and
further work is needed to fully define its specific role(s) in the biology of complex plastids.

From ER to the Outermost Plastid Membrane
Protein targeting in three membrane bound complex plastids like euglenophytes and
dinoflagellates appears to proceed from the ER to Golgi and finally to the plastid (Inagaki et
al. 2000; Nassoury et al. 2003; Sulli et al. 1999). This model is supported by strong
biochemical evidence using homologous and heterologous cell-free protein trafficking
systems in Euglena. Slavikova and colleagues further suggested that in euglenophytes
vesicles bud off from the Golgi and fuse with the outermost plastid membrane in a fashion
independent of SNARE proteins (Slavikova et al. 2005). Although plastids of these two
groups have divergent phylogenetic origins (Euglenophytes have a plastid of green algal
lineage whereas the dinoflagellates plastids have a red algal origin) they appear to have
evolved similar transport mechanisms (Yoon et al. 2002). The plastid takes its place as a
“vacuole type” organelle and proteins are sorted via the Golgi apparatus following typical
vesicular steps. These initial steps may be less conventional in plastids with four
membranes. The outermost membrane in cryptophytes, haptophytes and heterokontophytes
is decorated with 80S ribosomes and is thought to have evolved by fusion of the membrane
of the phagosome surrounding the symbiont with the host ER (Cavalier-Smith 2002). It may
be worthwhile here to also consider recent studies that suggest a more direct functional link
between the ER in certain types of endocytosis dependent on synagmotagmin VII (Idone et
al. 2008; Lewis and Lazarowitz 2010). Under such a scenario an endosymbiont might reside
within the ER of the host cell from the start. Nucleus-encoded plastid proteins in these
organisms are imported co-translationally into the ER lumen (Bhaya and Grossman 1991).
Once in the ER, proteins have crossed the outermost membrane of the complex plastid and
the transit peptide could then interact with the ERAD system of the periplastid membrane. In
vitro experiments in canine microsomes demonstrated that signal peptide is required for
microsomal import, which mimics protein import into the ER lumen. Subsequent in vivo
experiments using reporter constructs that fuse signal peptides of plastid proteins from
heterokontophytes, cryptophytes and Apicomplexa, showed targeting to the ER lumen or the
secretory system (Gould et al. 2006; Kilian and Kroth 2005). How do proteins reach the
plastid in organisms where the plastid does not reside within the ER? There is no solid
evidence for permanent connections between the ER and the apicoplast but some electron
microscopy studies suggested that the two organelles come into close contact, which may
reflect functional interaction (Tomova et al. 2006, 2009). One might caution that
connections may nonetheless be present, but too transient or too labile to be detected by
electron microscopy. Brefeldin A is a fungal metabolite known to result in the redistribution
of the Golgi apparatus thus blocking Golgi mediated transport steps. Interestingly in
apicomplexan parasites like T. gondii and P. falciparum Brefeldin A does not perturb the
trafficking of GFP reporter constructs destined to the apicoplast (DeRocher et al. 2005).
Nonetheless, vesicles carrying apicoplast proteins have been reported by several
independent groups using light and electron microscopy, in particular in apicoplast import
mutants or mutants that have apicoplast biogenesis defects (DeRocher et al. 2008; Karnataki
et al. 2007a; van Dooren et al. 2008, 2009). Overall these observations have been interpreted
as evidence for a vesicular step in trafficking from the ER to the plastid that sidesteps the
Golgi and is thus resistant to Brefeldin A. Such a mechanism would require a system to sort
plastid-destined proteins into vesicles budding from the ER, and further imply a likely
SNARE based system to ensure correct fusion of these vesicles with the plastid. There may
be alternatives to this model. A new study in P. falciparum has detected phosphatidylinositol
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3-monophosphate on the membrane of the apicoplast, the food vacuole and a subset of
vesicles (Tawk et al. 2010). Additional experiments showed that interference with PI3P in T.
gondii either by drug treatment or overexpression of PI3P binding proteins leads to severe
plastid biogenesis defects (Maryse Lebrun, personal communication). More work is needed
to understand the nature of these defects but they might suggest that one should consider the
mechanisms active in the endosomal pathway and not solely focus on models that assume
direct forward targeting from the ER.

Conclusion
The understanding of protein import into complex plastids has made several important leaps
in recent years. The ability to perform genetic experiments in an ever-growing number of
systems has produced quite detailed molecular models involving numerous protein factors.
The list of new candidates and new candidate mechanisms is constantly fueled by the
ongoing genome mining effort. Although the process is not fully understood in any of the
models collectively, a working model of subsequent translocons is gaining more and more
support. Although individual translocons appear well supported, where and when they act
exactly and how they are coordinated is less clear. The tools available now should be
suitable to tackle open questions like the precise role of ubiquitination or
phosphatidylinositol phosphorylation in plastid protein import. Overall the mechanisms at
work appear remarkably conserved, in some cases there are similar mechanisms even when
the organelles emerged from distinct endosymbioses. Interestingly, how proteins take the
first step, from ER to the plastid’s outermost compartment, shows the most diversity. For
some systems like the apicoplast this also remains the least understood part of the journey.
There is a fundamental distinction between three and four membrane systems. Three
membrane systems follow the conventional secretory route of ER to Golgi to final target,
and four membrane systems bypass the Golgi. Shedding light on the initial routing of plastid
proteins and the different choices made by different organisms in this step may hold
significant insights into the evolution of plastids and the eukaryotic cell in general.
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Figure 1.
(A) Diagramatic representation of the complex evolutionary process that gave rise to present
day primary and secondary plastids. A cyanobacterium was engulfed by a heterotrophic
eukaryote giving rise to the plastids of red and green algae (including land plants) and
glaucophytes. In a second endosymbiotic event an alga was taken up by another eukaryote
(note that this occurred multiple independent times). The resulting complex plastids are
surrounded by four (and sometimes three) membranes. (B) Schematic tree of eukaryotic life
highlighting the three major secondary endosymbiotic events that are thought to be
responsible for present day complex plastids (*note that we excluded multiple events in
dinoflagellates for simplicity). The relationships shown here are based on phylogenetic
analyses summarized by Keeling and colleagues (Keeling et al. 2005). The ancestor of
present day chromalveolates acquired their plastid through endosymbiotic uptake of a red
alga. Diversification and adaptation to different ecological niches led to subsequent loss of
photosynthesis (as in Apicomplexa) or loss of entire plastids (as in ciliates or oomycetes).
Plastids of euglenids and chlorarachniophytes were acquired by two independent
endosymbiotic events involving green algae.
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Figure 2.
(A) Schematic depiction of cellular morphology and the trafficking routes to the plastid for a
selection of plastid containing organisms. Arrows indicate the path taken by nuclear/
nucleomorph encoded proteins to reach their final destination in the plastid. (A, D) The
green algae Chlorella and the red alga Cyanidioschyzon: nuclear encoded plastid proteins
are synthesized in the cytosol and transported across the two plastid membrane with the help
of Tic-Toc translocons. Engulfment of a red or green plastid by a heterotrophic eukaryote
gave rise to organisms with multiple membrane bound secondary plastids. Secondary
symbiosis gave rise to two main green lineages, chlorarachniophytes (B) euglenids (C). The
main secondary red lineage has a common origin and includes cryptomonads (E), diatoms
(F) and Apicomplexa (G). A remnant of the algal nucleus, the nucleomorph (Nm) resides
between the second and third outermost compartments in chlorarachniophytes and
cryptomonads (B , E). Note that in cryptomonads and diatoms the plastid resides within the
endoplasmic reticulum (E, F). N, nucleus, G, Golgi, P, plastid, ER, endoplasmic reticulum.
H. Schematic outline of a molecular model of the plastid protein import machinery based on
results from Apicomplexa and diatoms. Note that not all elements have been experimentally
validated (several such points are highlighted by a question mark). The pathway taken by
apicomplexan proteins from the ER to the apicoplast remains highly speculative. Cargo
proteins are shown as grey lines, proteins destined for degradation as dashed lines. Please
refer to Table 1 for further detailed reference on specific proteins.
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Table 1

Proteins associated with membrane translocons in secondary plastids. Note that not all proteins have been
experimentally validated. Numbers refer to PlasmoDB, ToxoDB, NCBI (G. theta and where indicated), or
PhatrDB protein identifiers respectively.

P. falciparum T. gondii G. theta P. tricornutum

Innermost membrane

Tic20 PF11_0459 EU427053 (NCBI)1

Tic22 PFE1460w7 TGME49_086050

Second innermost membrane

Toc75 ADG291232
(NCBI)

TGME49_0723902 12881482

Periplastid membrane

Der1-1 PF14_04983,7 TGME49_0819404 AAK398105 316976

Der1-2 PFC0590c13 TGME49_0374604 359656

Cdc48 PF07_00473 TGME49_1216404 AAK397735 509786

Ufd-1 TGME49_857004 AAF240065 493195

E1 PF13_0182
PF13_03443

TGME49_114890 544605

E2 Mal13P1.2273 TGME49_095990 564315

E3 CAC270645 480346

DeUb ADK55599 (NCBI) 6

Ub PF08_00673

1
(van Dooren et al. 2008),

2
Bullmann et al. 2010),

3
(Spork et al. 2009),

4
(Agrawal et al. 2009),

5
(Sommer et al. 2007),

6
(Hempel et al. 2009),

7
(Kalanon et al. 2009)
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