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Some nuclear-encoded proteins are imported into higher
plant plastids via the endomembrane (EM) system. Com-
pared with multi-protein Toc and Tic translocons
required for most plastid protein import, the relatively
uncomplicated nature of EM trafficking led to sugges-
tions that it was the original transport mechanism for
nuclear-encoded endosymbiont proteins, and critical for
the early stages of plastid evolution. Its apparent simpli-
city disappears, however, when EM transport is consid-
ered in light of selective constraints likely encountered
during the conversion of stable endosymbionts into fully
integrated organelles. From this perspective it is more
parsimonious to presume the early evolution of post-
translational protein import via simpler, ancestral forms
of modern Toc and Tic plastid translocons, with EM
trafficking arising later to accommodate glycosylation
and/or protein targeting to multiple cellular locations.
This hypothesis is supported by both empirical and
comparative data, and is consistent with the relative
paucity of EM-based transport to modern primary plas-
tids.
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Introduction

In accord with the endosymbiotic theory,(1–3) there is over-

whelming evidence that plastids evolved from free-living

cyanobacteria enslaved by heterotrophic eukaryotic cells.

This process, called primary endosymbiosis, resulted in

plastids surrounded by two membranes that are characteristic

for glaucophytes, red algae, and green algae including their

land plant descendants.(4–6) Most molecular phylogenetic

analyses recover plastids as monophyletic(7,8) and it is widely

accepted that they are derived from a single primary

endosymbiosis in the common ancestor of the kingdom

Plantae (or Archaeplastida), comprising these three algal/

plant taxa(4–6) (but see Refs.(9–11) for alternative viewpoints).
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Ancestors of eukaryotes with primary plastids likely were

phagotrophic protozoans that regularly captured cyanobac-

teria as food;(4,12) these engulfed cyanobacteria not only were

photosynthetic, but also synthesized many organic com-

pounds (e.g., amino acids, heme, fatty acids(13–15)) and

probably fixed nitrogen.(16,17) Therefore, selection favored

changes in the host cell that retained endosymbionts as

permanent and obligatory factories for production of essential

metabolites. Eventually these permanent cyanobacterial

endosymbionts were transformed into fully integrated orga-

nelles. This process involved two key innovations: (i) transfer

of endosymbiont genes to the host nucleus, and (ii) origin of

import machinery to move nuclear-encoded proteins back to

the plastid through envelope membranes.(18) Modern plastids

require between 2100 and 4800 different proteins to

function,(19) but plastid genomes contain only 60–200 genes

across various photosynthetic lineages.(20) Thus, during

establishment of a primary plastid, the vast majority of

cyanobacterial genes were either lost (e.g., those encoding

the tricarboxylic acid cycle) or transferred to the host

nucleus.(20–22)

The fates of transferred cyanobacterial genes were

disparate. Some became pseudogenes and were eventually

lost, whereas others were adapted to encode cytosolic

proteins.(20–22) In a next evolutionary stage, hundreds of these

genes acquired targeting signals allowing transport of their

protein products into distinct compartments, such as the EM

system, mitochondria, and plastids.(23) The large majority of

plastid-destined proteins carry N-terminal import signals

known as transit sequences/peptides,(24,25) which target their

protein products directly to the plastid. An incoming protein

reaching the plastid surface is recognized and translocated

across the two-membrane envelope by two translocons: (i) the

translocon at the outer chloroplast membrane (Toc) and

(ii) the translocon at the inner chloroplast membrane

(Tic)(26–28) (Figs. 1 and 2). Each of these translocons is

composed of a central protein-conducting channel and

associated receptor, regulatory, and motor proteins (see

Fig. 2). Available data indicate that the Toc–Tic super-

complex has a chimeric origin with some subunits derived

from the endosymbiont and others from the host.(27,29,30)

Thus, it is an interesting example of evolutionary tinkering with
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Figure 1. Distinct import routes of nuclear-encoded proteins into primary plastids. Primary plastids import at least 2000 different proteins,

which are delivered to distinct sub-compartments (e.g., the outer membrane, intermembrane space, stroma, thylakoid lumen) and carry different

kinds of targeting signals. Interestingly, almost all nuclear-encoded plastid proteins are translocated across the envelope membranes of primary

plastids with the help of the Toc–Tic super-complex(26–28) (route 3) containing Toc75 and Tic110 channels (see Fig. 2). These translocons

participate in the import of the following groups of plastid proteins: (i) outer membrane-residing proteins devoid of N-terminal targeting signals

but containing multiple transmembrane domains;(36) (ii) proteins destined to the intermembrane space, which carry typical transit peptides;(37)

(iii) inner membrane-embedded proteins with pre-sequences composed of one (transit peptide) or two (transit peptide and signal peptide)

domains;(38) (iv) stromal proteins carrying typical transit peptides;(26–28) (v) thylakoid membrane-embedded proteins having pre-sequences with a

transit peptide (the Alb3 pathway) or a transit peptide plus signal peptide (the spontaneous pathway) and containing multiple transmembrane

domains, some functioning as targeting signals;(39) (vi) proteins destined to the thylakoid lumen with bipartite N-terminal targeting signals

composed of a transit peptide followed by a signal peptide.(39) In addition to the classical Toc- and Tic-based import route, alternative trafficking

pathways were identified in primary plastids. An alternative Toc translocon (aToc) using a Toc75 homolog known as OEP80(40) (route 2) probably

participates in the insertion of some proteins into the outer membrane. Moreover, some proteins appear to be inserted into this membrane

spontaneously(41) via route 1. It is suggested that the OEP16 channel participates in the import of PORA(42) (route 4). All the above routes

represent post-translational pathways; however, recently an EM system-mediated pathway (route 5) was found in higher plants. Proteins using

this pathway (e.g., a-carbonic anhydrase(31)) carry signal peptides instead of transit peptides. The proteins are glycosylated in the Golgi

apparatus and finally delivered to the plastid surface in vesicles. This targeting pathway resembles protein import into eukaryotic alga-derived

plastids (secondary endosymbionts) (see Fig. 6).
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pre-existing components. After proteins are imported into the

stroma, transit peptides are removed by a peptidase and

mature polypeptides are correctly folded with the help of

molecular chaperones(26–28) (Fig. 2).

One of the hundreds of proteins imported into higher plant

plastids is the a-carbonic anhydrase CAH1,(31) which contains

five N-glycosylation sites for a(1,3)-fucose and b(1,2)-xylose.

Interestingly, unlike most plastid-directed proteins, CAH1

carries a typical endoplasmic reticulum (ER) signal peptide

instead of a plastid transit peptide,(31) indicating that it is co-
1220
translationally translocated into the ER and then targeted to

the plastid through the endomembrane (EM) system (Fig. 1).

Experiments with brefeldin A, a fungal antibiotic that inhibits

Golgi-mediated vesicular trafficking,(32) verified that CAH1

targeting involves both the ER and Golgi apparatus.(31) It

remains possible that, after fusion of Golgi-derived vesicles

with the outer plastid membrane, CAH1 is moved across the

inner membrane using the Tic complex (Fig. 1), but total

evidence indicates that its translocation occurs completely

Toc independent.(31) Similar evidence exists for the rice
BioEssays 31:1219–1232, � 2009 Wiley Periodicals, Inc.



Figure 2. Structure of the Toc–Tic super-complex in higher plant

plastids. The core Toc translocon, residing in the outer membrane

(OM), is composed of three proteins: Toc34, Toc159, and Toc75.(26–28)

Toc34 and Toc159 function as receptors for transit peptides of

incoming proteins, whereas Toc75 forms a protein-conducting chan-

nel. Toc64 represents an additional receptor protein, but is loosely

associated with the core Toc complex.(26–28) Nuclear-encoded plastid

proteins are targeted to the distinct Toc receptors by two ‘‘guidance’’

complexes, composed of either 14-3-3 and Hsp70 proteins(43) or only

Hsp90 proteins.(44) Toc12, Toc64, and Hsp70, along with Tic22,

constitute an inter-envelope space complex that delivers imported

proteins to the core Tic complex. In addition to Tic21, the core Tic

translocon, existing in the inner membrane (IM), includes the following

proteins: Tic20, Tic21, Tic40, and Tic110.(26–28) Tic110 constitutes

the main pore for translocation of proteins through the inner plastid

membrane, whereas Tic20 and Tic21 could represent additional

protein-conducting channels. It also is suggested that Tic21 functions

as an iron permease.(45) The stroma-exposed domain of Tic110

appears to cooperate with Tic40 and the stromal chaperone Hsp93

in the formation of a motor machinery pulling imported proteins into

the stroma.(26–28) After reaching this sub-compartment, the transit

peptide is removed by a stromal processing peptidase (SPP) and the

mature protein is correctly folded with the help of Cpn60 and

Hsp70.(26–28) Tic55, Tic62, and Tic32 are proposed to be involved

in redox regulation of the protein import process.(26–28)
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glycoprotein nucleotide pyrophosphate/phosphodiester-

ase,(33) and ER–Golgi trafficking could occur with other plant

glycoproteins as well.(31)

The discovery of ER–Golgi-mediated targeting to primary

plastids, combined with the complicated structure of the Toc–

Tic super-complex, led to proposals that plastid-targeted

proteins were initially imported through the EM sys-

tem.(31,34,35) While this evolutionary scenario, termed the

‘‘early EM trafficking’’ hypothesis, presents an interesting new

perspective on the early evolution of plastid import machinery,

it encounters severe obstacles when viewed in the context of

recent molecular and phylogenetic data. We propose an

alternative scenario for the origin of protein import into

primary plastids.
Gradual evolution of Toc and Tic
translocons

A hypothesis of ‘‘early EM trafficking’’ rests on the proposition

that the complex structures of Toc and Tic in higher plants

make them unlikely candidates for transport functions early in

the evolution of primary plastids.(34) This reasoning overlooks

the likelihood of simpler ancestral forms of these translocons,

which could have arisen quickly to provide insertional and/or

transport activity. Consider, for example, the Toc complex

composed of four receptor-channel subunits in higher

plants(26–29) (Fig. 2). One of these proteins, the Toc64

receptor, is absent from red algae,(30) and cross-reaction

experiments with heterologous antibodies suggest that

glaucophytes are missing another receptor protein,

Toc159.(46) Thus, simple parsimony suggests that the

common ancestor of primary plastids contained a less

complex translocation system (devoid of Toc64 and/or

Toc159) than what is found in modern green plants. Following

this backward trajectory, we suggest an ancestral outer

membrane translocon that contained only Toc75, because

this protein has both channel and receptor domains.(47)

Higher plant plastids containing Toc75, but with other Toc

receptors inactivated chemically(48) or genetically,(49) still can

import plastid proteins with typical transit peptides, providing

empirical evidence for this proposal. Finally, the outer plastid

membrane contains ‘‘free’’ Toc75 proteins that mediate inser-

tion of outer envelope proteins,(36) representing an extant

working model for the ancestral state of Toc translocons.

At whatever stage they appeared, the multi-subunit

structures of modern plant Toc and Tic complexes must

have evolved in a series of steps, each stage providing a clear

selective advantage. Without such an assumption it is difficult

to imagine how complex translocons could have originated in

any evolutionary scenario; nothing is gained by invoking an

alternative early EM transport system, except an increase in

the complexity of the overall model of plastid evolution.
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Figure 3. Evolution of Toc159 and its homologs. Toc159 is one of

the core Toc receptors for nuclear-encoded plastid-targeted pro-

teins.(26–28) It is also implicated as a molecular motor pushing

imported proteins into the Toc75 pore.(59) Toc159 has three distinct

domains: a membrane (M) domain, a GTP-binding (G) domain, and

an acidic (A) domain that putatively interacts with transit peptides of

imported plastid proteins.(26–28) Import studies with ppi2 mutants

without functional Toc159(60) demonstrate that the M domain alone

can restore protein import into Arabidopsis plastids.(61) This suggests

the M domain could represent the ancestral state in the evolution of

the Toc159 receptor, with the G and A domains added in two sub-

sequent evolutionary steps. Green plants possess three Toc159

homologs: Toc90, Toc132, and Toc120.(62–64) Toc90 is entirely devoid

of the A domain, whereas Toc132 and Toc120 contain different

numbers of repeats within this domain. Genetic and biochemical

studies suggest that Toc159 and its homologs form at least two

distinct Toc translocons in higher plant plastids.(60,62–64) The first of

them, containing Toc159, would be responsible for recognition and

translocation of highly abundant, photosynthetic proteins, while the

alternative translocon with the Toc132 and/or Toc120 receptors would

import low-abundance, housekeeping proteins. O, other domain.
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It is reasonable that the first step in the evolution of the

Toc–Tic super-complex was the establishment of protein-

conducting channels in envelope membranes of the cyano-

bacterial endosymbiont. The plastid Toc75 pore evolved from

an outer membrane protein 85 (Omp85) already present in

the cyanobacterial endosymbiont,(47,50) where its vital func-

tion was to insert b-barrel porin-like proteins into the outer

membrane.(51,52) In the initial endosymbiont, the opening of

this channel was oriented toward the intermembrane

space(46,53) and, therefore, could not participate in the import

of nuclear-encoded plastid proteins. The latter only became

possible after the omp85/toc75 gene was transferred to the

host nucleus, resulting in insertion of its protein product into

the outer cyanobacterial membrane in a reverse orienta-

tion.(46,53) Moreover, the endosymbiont’s inner membrane

already contained a Tic20 homolog(27,28,54) belonging to pre-

protein and amino acid transporter (PRAT) family, along with

bacterial channels for branched amino acids and mitochon-

drial Tim17, Tim23, and Tim22 channels.(55) Tic21 is another

candidate for a pre-existing protein-conducting channel in the

cyanobacterial inner membrane.(56) The presence of these

proteins likely pre-adapted the inner endosymbiont mem-

brane for translocating nuclear-encoded plastid proteins into

the stroma. After Omp85/Toc75 was inserted into the outer

membrane in a reverse orientation, the endosymbiont would

have been capable of translocating inter-membrane space-

and inner membrane-residing proteins, and probably stroma-

destined proteins as well.

The initial efficiency of plastid protein import was probably

low, but gradual addition of receptors (Toc34, Toc159, and

Toc64) and regulatory proteins (Tic32, Tic55, and Tic62)

increased it step by step.(26–30) Homologs of toc and tic genes

are detectable in all cyanobacterial genomes(30,57) and were

clearly present in plastid ancestors, facilitating the evolution of

the Toc–Tic machinery. A final improvement was the evolution

of ‘‘guidance complexes’’ in the host cytosol, one composed of

14-3-3 proteins and heat shock proteins 70 (HSP70s)(43) and

a second involving only HSP90s(44) (Fig. 2); these significantly

increased the efficiency of protein delivery to the plastid

surface. Clues to the gradual evolution of plastid translocons

are also evident for individual Toc and Tic subunits, e.g., the

Toc159 receptor (see Fig. 3). Such gradual evolution clearly

explains how even complex import systems could have

originated, without any additional involvement from the host’s

EM system (see also Ref.(58)).
Alternative explanations for signal
peptides in plastid proteins

The first analyses of the plastid proteome of Arabidopsis

thaliana suggested that up to 8% of its proteins carry signal

peptides.(65) This unexpected finding implied that a large
1222
number of plastid proteins could be imported via the EM

system,(65,66) suggesting support for ‘‘early EM traffick-

ing.’’(34) However, initial estimates of stroma-targeted proteins

with signal peptides were apparently inflated by (i) false-

positive identifications, (ii) non-plastid contamination, and

(iii) outer membrane-targeting N-terminal transmembrane

domains that are frequently misidentified as signal peptides.

Zybailov et al.(67) estimated that these problems could be

relevant for 320–370 of the total 1090 plastid proteins

calculated from different proteomic studies. Indeed, when

18 known outer envelope proteins were excluded, only 0.6%

of Arabidopsis nuclear-encoded plastid proteins were recog-

nized by a signal peptide-predicting program.(67) Moreover,

negative controls using cytosolic and mitochondrial proteins

produced similar or even higher rates of signal peptide

prediction. Thus, it seems unlikely that a significant fraction

of plastid proteins are imported through the EM system in land

plants or algae with primary plastids.
BioEssays 31:1219–1232, � 2009 Wiley Periodicals, Inc.
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We propose two alternatives to the ‘‘early EM trafficking’’

hypothesis to explain the occurrence of signal peptides in a

small fraction of higher plant plastid proteins. First, signal

peptides permit plastid proteins to be targeted to two or more

compartments. An example is a-amylase of rice (aAmy3),

which is targeted both to the plastid and externally to the cell

wall.(68) Second, the presence of signal peptides in some

higher plant plastid proteins can be explained by the need for

glycosylation in the Golgi apparatus. It is well known that

a(1,3)-fucose and b(1,2)-xylose, both characteristic of

CAH1 and other plastid glycoproteins,(31) are added speci-

fically within the Golgi apparatus.(69) Thus, plastid proteins

carrying these sugar epitopes must be targeted via the EM

system.

There are three distinct protein families of carbonic

anhydrases, designated a, b, and g.(70) CAH1 protein from

A. thaliana belongs to the a family,(31) which is widely

distributed in eukaryotes and bacteria.(70) Targeting of

Arabidopsis CAH1 to the plastid is the exception rather than

the rule for this protein family. The a-carbonic anhydrase from

tobacco is a secretory protein found in nectar but not in

plastids.(71) Dioscorin is another member of this family and is

deposited in vacuoles of tuber cells of yam (Dioscorea

spp.).(72) Finally, cell wall-targeted a-carbonic anhydrases

were identified in the green algae Chlamydomonas reinhard-

tii,(73) Chlorella sorokiniana,(74) and Dunaliella salina.(75) In

agreement with extracellular and vacuolar localizations of

these anhydrases, they all carry typical signal peptides at their

N termini.(71–75) Plastid residence has been reported only for

one other a-carbonic anhydrase, CAH3 from C. reinhardtii,(76)

but unlike Arabidopsis CAH1, its N-terminal extension is

bipartite with a plastid transit peptide followed by a

hydrophobic domain(76) as found in other thylakoid lumen-

targeted proteins.(39) Carbonic anhydrases targeted to the

stroma of higher plant plastids typically belong to the b

family.(70) This suggests that Arabidopsis CAH1 was adapted

secondarily for import into the plastid, probably replacing an

original b-carbonic anhydrase (see Gagat et al., manuscript in

preparation).

The needs for post-translational modifications and loca-

lization to multiple cell compartments provide clear selective

advantages for the evolution of EM-mediated targeting to

higher plant plastids. Such unique elaborations of trafficking

pathways in a handful of proteins are unlikely to be vestiges of

the early stages in plastid evolution. Thus, this unconven-

tional, less common import pathway is most easily explained

as a derived rather than an ancestral system.
Sugar/inorganic phosphate antiporters

Another argument advanced to support ‘‘early EM traffick-

ing’’(34) is based on phylogenetic analyses of plastid
BioEssays 31:1219–1232, � 2009 Wiley Periodicals, Inc.
metabolite transporters.(77) Because primary plastids are

involved in diverse metabolic functions,(13–15) they exchange

many compounds with the surrounding cytosol and other

organelles, such as mitochondria and peroxisomes (see, for

example, the photorespiratory pathway in plant cells(14)). To

fulfill these requirements, the plastid inner membrane

contains several kinds of transporters, including sugar/

inorganic phosphate antiporters represented by triose

phosphate (TPT), glucose-6-phosphate (GPT), and phos-

phoenolpyruvate (PPT) translocators.(78,79) In phylogenies

inferred from red algae and green plant sequences, TPTs,

GPTs, and PPTs form a single clade that is related to sugar/

phosphate antiporters residing in the ER and/or Golgi

apparatus.(77) Based on these results, it was proposed that

all three translocators evolved from an EM transporter via

gene duplications and, at least initially, were targeted to the

plastid through the EM system.(77) However, further analyses

are required, as non-plastid transporters on these trees were

represented only by ER/Golgi homologs;(77) thus, it is possible

that TPTs, GPTs, and PPTs evolved, for example, from a

mitochondrial rather than an EM transporter.

More significantly, our computational analyses of the N-

terminal extensions of these three transporters from the red

alga Cyanidioschyzon merolae,(80) which represents an early

branch in red algal and primary plastid evolution,(81) indicate

that they are typical plastid transit peptides (unpublished

results). For example, seven programs that distinguish

different kinds of N-terminal targeting signals (PredSL,

TargetP, iPSORT, Predotar, PProwler, BLSTM_LOC, Targe-

tLoc) failed to predict signal peptides in any of these

sequences. In contrast, programs specifically designed to

predict plastid transit peptides (ChloroP and PCLR) identified

them in leader sequences from all C. merolae transporters.

Thus, regardless of their evolutionary ancestor, current

evidence suggests that TPTs, GPTs, and PPTs were not

imported into plastids via the EM, even relatively early in

plastid evolution. Finally, the early diversification postulated

for these plastid sugar/phosphate antiporters would have

faced serious obstacles, if they had been trafficked through

the EM system. Mis-targeting of plastid antiporters to

alternative EM locations, and of ER/Golgi-localized transpor-

ters to the plastid, would have been common. Direct post-

translational transport of proteins into early plastids would not

have faced this obstacle.
Do eukaryote-derived plastids
recapitulate early steps in primary
endosymbioses?

Some plastids evolved secondarily from endosymbiotic

eukaryotic algae with primary plastids (green or red algae),

resulting in three or four surrounding membranes(4–6)
1223
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Figure 4. Evolution of secondary plastids and their import apparatus. Secondary plastids evolved from algae with primary plastids (e.g., red

algae) that were engulfed by phagocytosis, resulting in their four membrane envelopes.(4–6) Red algal-derived plastids with four envelope

membranes are found in three algal lineages: Cryptophyta, Heterokonta, and Haptophyta. Their two innermost membranes (or the plastid

envelope) are derived from the red algal primary plastid, whereas the next layer, known as the periplastid membrane, represents the red algal

plasmalemma.(82–84) The outermost plastid membrane is derived from the host’s phagosome, but now is covered with ribosomes, suggesting that

this membrane fused with a rough ER membrane, resulting in the plastid ER (PER) and placement of the entire complex plastid within the ER

lumen.(82–84) For this reason, nuclear-encoded plastid proteins in cryptophytes, heterokonts, and haptophytes carry bipartite pre-sequences

composed of a signal peptide followed by a transit peptide.(25) The first step in their import is co-translational translocation through the PER

membrane dependent on the Sec translocon.(84,91) In the ‘‘vesicular’’ model, transport through the periplastid membrane and the outer

membrane of the plastid envelope are mediated by transport vesicles derived from the pinocytotic pathway of the red algal endosymbiont.(91,96)

By contrast, the ‘‘channel’’ model postulates that two distinct pore proteins, Der and Toc75, are responsible for these targeting steps.(93,94) Toc75

pre-existed in the outer membrane of the red algal plastid, whereas Der was relocated from the red algal ER to its plasmalemma (¼ the periplastid

membrane). Both models assume that translocation across the inner membrane of the plastid envelope is dependent on the Tic translo-

con.(91,93,94) The signal peptide is cleaved off during or after translocation across the PER membrane, whereas the transit peptide is removed in

the stroma.(82–84) Available data favor the ‘‘channel’’ over the ‘‘vesicular’’ model.(84,93,94)

Problems and paradigms A. Bodył, P. Mackiewicz and J. W. Stiller
(Fig. 4A). Euglenids and dinoflagellates have secondary

plastids with three membranes, whereas four envelope

membranes occur in chlorarachniophytes, cryptophytes,

heterokonts, haptophytes, and apicomplexans. In all cases,

it is assumed that the two innermost membranes correspond

to the primary plastid envelope, while the outermost
1224
membrane is derived from the host’s phagosomal mem-

brane(82–84) (Fig. 4B).

For plastids with four envelope membranes, the ‘‘periplas-

tid’’ membrane, localized between the primary plastid

envelope and the outermost membrane, is widely held to

be the modified plasmalemma of the engulfed eukaryotic
BioEssays 31:1219–1232, � 2009 Wiley Periodicals, Inc.
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alga(82–84) (Fig. 4B). Nuclear-encoded plastid proteins tar-

geted to secondary plastids carry complex pre-sequences

composed of a signal peptide followed by a transit peptide(25)

(Fig. 4B), and their targeting pathway involves the EM

system.(82–84) In secondary plastids where the outermost

membrane is devoid of ribosomes (e.g., euglenids), nuclear-

encoded proteins are delivered to the plastid surface in

vesicles budding off the ER or Golgi apparatus,(85) whereas in

plastids with the outermost membrane covered with ribo-

somes (e.g., cryptophytes) they are translocated directly into

the space between the outermost and periplastid mem-

branes.(86) It quickly became evident that protein transloca-

tion across their outermost membrane proceeds co-

translationally (requiring a signal peptide and the Sec

translocon), whereas transport through the two innermost

membranes occurs post-translationally (involving a transit

peptide and the Toc–Tic translocons).(82–84)

‘‘Early EM trafficking’’ into primary plastids has been

modeled on EM-mediated targeting to secondary plastids.(34)

Before discussing the serious problems with this analogy

below, we note that transformation of initial co-translational

import into a post-translational system has never occurred in

any of numerous lineages with secondary plastids.(82–84,87) It

appears that such a transformation would be traumatic or

even lethal for the host cell. Loss of the outermost,

phagosome-derived membrane, a pre-requisite for evolution

of a post-translational system, would imprison nuclear-

encoded proteins in ER- or Golgi-derived vesicles that could

not fuse with the new plastid outer membrane (Fig. 5A). Thus,

their further import into the stroma would be impossible,

disrupting all vital plastid functions.

All available evidence suggests that when ER and/or

Golgi-mediated targeting was canalized during establishment

of new endosymbiotic relationships, it became exceptionally

stable through subsequent evolution.(82–84,87) Thus, assum-

ing secondary endosymbioses as the model, if nuclear-

encoded proteins had originally been imported into primary

plastids through the EM system, these plastids should still be

surrounded by three membranes and retain this initial step of

ER–Golgi-mediated targeting. It is interesting that for years

Cavalier-Smith(12,88) used similar logic to ‘‘early EM traffick-

ing’’ to argue that three-membrane euglenid and dinoflagel-

late plastids evolved directly from the primary cyanobacterial

endosymbionts and that they represented an ancestral stage

of primary plastid evolution. Both hypotheses have been

widely rejected.(89,90)

A very similar scenario to an ‘‘early EM trafficking’’

hypothesis was proposed earlier by Kilian and Kroth(91) to

explain the evolution of protein import into secondary plastids

with four envelope membranes. The mechanism of protein

passage across the periplastid membrane remained unclear

for some time. Two alternative models were developed: The

first (or channel) model postulated the use of pore-forming
BioEssays 31:1219–1232, � 2009 Wiley Periodicals, Inc.
proteins such as Toc75 relocated from the endosymbiont’s

plastid,(83) the host mitochondrion-derived Tim23,(92) or Der

relocated from an endosymbiont’s ER membrane(93,94)

(Fig. 4B). Der forms a channel in the ER-associated degrada-

tion (ERAD) system linked to the Sec translocon that

participates in retro-translocation of misfolded proteins into

the cytosol, where they are degraded by proteasomes.(95) The

alternative (or vesicular) model for protein translocation

across the periplastid membrane argued that transport

vesicles pinch off the periplastid membrane, then fuse with

the primary plastid’s outer membrane to liberate imported

proteins into the periplasmic space(91,96) (Fig. 4B). From there

proteins could be translocated into the stroma via the Tic

translocon.

To explain the evolution of this intraplastidal protein import

pathway, it was hypothesized that proteins were initially

imported into primary plastids through the EM system,

because such a pathway required the presence of SNARE

proteins (responsible for membrane recognition and

fusion(97)) in the outer membrane of the red or green algal

plastid.(91) Consequently, pinocytotic vesicles budding off the

endosymbiont plasmalemma would be able to fuse with the

outer membrane of its plastid and establish an intra-plastidial

transport route for nuclear-encoded proteins. Recent experi-

mental work by Uwe Maier’s group, however, demonstrates

that protein translocation across the periplastid membrane

is mediated by Der(93,94) rather than through vesicular fusions

(Fig. 4B). Thus, all current evidence indicates that even

secondary endosymbioses have not evolved the kind of

vesicular transport on which an early evolution of EM

trafficking to primary plastids has been modeled.
Does the outer plastid membrane contain
alternative protein-conducting channels
to the Toc system?

One of the ideas that led to an ‘‘early EM trafficking’’

hypothesis was the suggested presence of alternative

protein-conducting channels to the typical Toc75 pore in

the outer membrane of primary plastids.(34) Two proteins have

been cited in support of this view: Tic32(98) and chloroplast

envelope quinone oxidoreductase (ceQORH).(99,100) Both

reside in the inner plastid membrane(98–100) but, in contrast to

most proteins targeted to this membrane,(38) they contain

internal, uncleaved targeting signals(98–100) rather than typical

N-terminal, cleavable transit peptides.(38) In addition, compe-

tition experiments for the Toc complex, using precursors of

RuBisCO, ferredoxin, and the 33-kDa subunit of oxygen

evolving complex (OE33) did not affect the import of Tic32

and ceQORH.(98–100) Based on these results, it was

suggested that these two proteins are imported through

uncharacterized Toc75-independent channels.(98–100)
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Figure 5. Two alternative evolutionary scenarios explaining transformation of a co-translational to a post-translational transport system in the

evolution of primary plastids. The first model (A) postulates that primary plastids were initially surrounded by three membranes, with the inner and

middle membranes derived from the envelope membranes of the cyanobacterial endosymbiont, and the outer membrane from the host’s

phagosome.(13,88) Thus, at this initial stage of evolution, they would have resembled eukaryote-derived plastids of euglenids and dinoflagel-

lates.(82–84) Their nuclear-encoded proteins carried signal peptides that targeted them to the plastid via the EM system involving the ER and Golgi

apparatus.(85,90) After fusion of Golgi-derived pre-plastid vesicles with the outer plastid membrane, imported proteins were translocated to the

stroma with the help of the Toc–Tic super-complex.(85,90) In a next evolutionary stage, however, primary plastids lost the outer, phagosome-

derived membrane for an unknown reason, leading to exposition of the Toc translocon to the cytosol and permitting subsequent evolution of a

direct post-translational import mechanism.(88) After such a loss, however, import of hundreds of nuclear-encoded proteins would have been

prevented by the inability of pre-plastid vesicles to fuse with the new outer plastid, cyanobacterial-derived membrane. These obstacles could be

bypassed by postulating modifications of signal peptides to transit peptides (to prevent their interaction with the signal recognition particle (SRP)

complex and co-translational translocation into the ER(88)), but it is unlikely that such changes would have occurred nearly simultaneously in

perhaps several thousand plastid-targeted proteins as required under this scenario. Moreover, changes permitting post-translational transport

would have produced a much less effective system than the original and highly adapted EM-based transport, thereby disturbing vital plastid

functions performed by affected proteins. Thus, selection almost certainly would have rejected individual changes that could eventually result in

loss of the outermost membrane, as has been the case in extant algal lineages with three membrane-bound plastids. The alternative model

(B) postulates that primary plastids, from the beginning, were surrounded by two membranes and that the original import mechanism for protein

transport across the outer membrane was based on the ER–Golgi-mediated pathway.(34) In a next evolutionary stage this co-translational system

would be transformed to a post-translational one. As with the previous model, however, it is hard to imagine how such a conversion could have

proceeded. Modifications of signal peptides could result in a post-translational protein import, but such import would be ineffective and would

preclude import through the EM system. Consequently, there would likely have been strong selection against modifications of signal peptides.

Problems and paradigms A. Bodył, P. Mackiewicz and J. W. Stiller
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However, Inaba and Schnell(28) pointed out that competitor

proteins used in these assays engage the classical Toc159

receptor, and that Tic32 and ceQORH could use alternative

Toc translocons containing Toc75 but having alternative

Toc159 homologs such as Toc132, Toc120, and Toc90 (see

also Refs.(62–64)). Moreover, if Tic32 turned out to be imported

through an alternative protein-conducting channel (its import

is not inhibited by spermine, which blocks the Toc75 pore(98)),

this would not preclude its initial translocation through Toc75.

In support of this view, its targeting information is localized

near the N-terminus,(98) suggesting it could have evolved from

a typical transit peptide. Finally, the Tom40 channel in the

outer mitochondrial membrane,(101) which is homologous to

Toc75,(102) translocates proteins with typical N terminal,

cleavable transit peptides, and also those with internal, non-

cleavable signals.(103)

Another candidate for a Toc75-independent pore is outer

envelope protein 16 (OEP16), a cation-selective high-

conductance channel with remarkable selectivity for amino

acids and amines(104) (Fig. 1). Import experiments performed

by Steffen Reinbothe’s group provided evidence for OEP16-

dependent import of protochlorophyllide oxidoreductase A

(PORA),(42,105) although these results were questioned or

reinterpreted by other researchers.(106,107) Even if OEP16

participates in the import of PORA, this will not suggest that it

played a role in early plastid evolution. Along with mitochon-

drial Tim17, Tim22, and Tim23 channels, OEP16 belongs to

the PRAT family(55) and it has been proposed that this protein

evolved from a Tim channel that was relocated from the inner

mitochondrial membrane to the outer plastid membrane.(58)

Moreover, this relocation probably occurred only in the green

algal/plant lineage, because the nuclear genome of the red

alga C. merolae(80) does not contain a recognizable OEP16

homolog. Finally, the presence of a Toc-independent channel

capable of translocating proteins across the cyanobacterial

endosymbiont’s outer membrane would favor evolution of

post-translational rather than co-translational import of

nuclear-encoded proteins.

All available data clearly indicate that Toc75 plays the

central role in importing a wide variety of plastid proteins

(Fig. 1). It not only enables efficient translocation of stromal

proteins with classical transit peptides,(26–28) but also proteins

destined for the intermembrane space(37) and the plastid

inner membrane.(38) These latter proteins carry bipartite pre-

sequences composed of a transit peptide followed by a

hydrophobic domain, which functions as an export signal or a

stop-transfer sequence.(38) The Toc75 pore also constitutes

an entrance site for proteins imported into the thylakoid

membrane as well as the lumen.(39) Some of these proteins

carry bipartite pre-sequences, and those targeted to the

thylakoid membrane also possess multiple additional hydro-

phobic membrane-spanning domains.(39) Finally, Toc75

participates in the insertion of proteins into the outer plastid
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membrane(36) and an additional Omp85/Toc75 homolog was

identified in the outer membrane of primary plastids(40) (see

also Fig. 1). The centrality of Toc75 and its homologs in

transporting the broad diversity of plastid-directed proteins

strongly supports the hypothesis that it was engaged as the

primary outer membrane channel very early in the evolution of

host cell to plastid targeting.

Alternative scenario for the evolution
of the protein import apparatus of
primary plastids

Cyanobacteria are Gram-negative bacteria with an envelope

composed of a plasmalemma and an additional outer

membrane.(108) Because the cyanobacterial ancestor of

plastids very likely entered the host cell via phagocytosis, it

was originally surrounded by three membranes: the host’s

phagosomal membrane and the two envelope membranes of

the endosymbiont.(4,12,88) Modern primary plastids have only

a two-membrane envelope, meaning that one of these three

membranes, most likely either the phagosomal or the outer

cyanobacterial membrane, was eliminated during their

evolution. Which of these membranes was lost is, however,

unclear because the current outer plastid membranes have

features of both eukaryotic phagosomal and bacterial outer

membranes.(109) Given that peptidoglycan is still present in

the glaucophyte plastid,(110) it is most reasonable to assume

that the ancestral primary plastid lost the phagosomal

membrane (in support of this view see Ref.(111)). We suggest

a scenario in which uncoordinated division of the endosym-

biont and the phagosome resulted in regular escapes of

endosymbionts into the host cytosol. During these escapes

the outer cyanobacterial membrane could have acquired

some lipids and proteins from the phagosomal membrane (a

kind of membrane mutation(4)), thereby accounting for its

chimeric bacterial-eukaryotic nature.

The question arises, however, at what stage it was more

likely for the phagosomal membrane to be lost. One

hypothesis, originally formulated by Cavalier-Smith(12,88)

and briefly discussed in a previous section, posits this loss

relatively late in the evolution of primary plastids (see also

Fig. 5A). Such a scenario is, however, exceedingly unparsi-

monious for two main reasons: First, the phagosomal

membrane initially surrounding each engulfed cell was

incapable of both permanent growth and division,(112) two

features needed to establish a permanent endosymbiosis.(53)

It could grow intermittently through fusions with pre-lysosomal

vesicles, but these would result in digestion of the endo-

symbiont. Thus, permanent incorporation of the phagosomal

membrane into the primary plastid envelope required the

origin of new mechanisms for its controlled growth and

division.(112) Later, only after all these innovations had

originated, this modified (now symbiosomal) membrane
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Figure 6. Hypothetical stages in the evolution of the Toc–Tic-based import system of primary plastids. (A) Cyanobacteria were regularly

captured as food and placed in phagosomes where they were digested.(4,12) Thus, their cells were initially surrounded by three membranes: the

phagosomal memebrane (PhM) derived from the host’s EM system, the outer membrane (OM) and the inner membrane (IM) of the

cyanobacterium. After the digestion in phagosomes, numerous cyanobacterial genes migrated to the nucleus of the eukaryotic host via

endosymbiotic gene transfer (EGT).(20–22) These events, happening before the cyanobacterium was established as a stable endosymbiont,

significantly improved its further transformation to a primary plastid. The engulfed cyanobacteria already possessed many proteins that were

ancestors of present components of Toc and Tic translocons.(27,29,30,57) Therefore, import based on these translocons could evolve very quickly.

(B) After adaptation of the endosymbiont to the host environment, the phagosomal membrane was lost very early. The previous EGT of a gene

coding for Omp85 (finally transformed to Toc75) enabled insertion of this protein in the reverse orientation into the outer endosymbiont

membrane(46,53) and translocation of nuclear-encoded plastid proteins into the intermembrane space. Because the inner cyanobacterial

membrane contained homologs of Tic20 and Tic21, which probably were pre-adapted to translocate proteins encoded by the host nucleus,(54,56)

the imported proteins could cross the inner envelope membrane and reach the stroma (green arrow). (C) In a next evolutionary stage, two

regulatory receptor proteins, Toc34 and Toc159, were added to Toc75, creating the Toc translocon.(27,29,30) Moreover, Tic110 was inserted into

the inner membrane, becoming the main translocation pore.(27,29,30) In contrast to Tic20 and Tic21, it possessed a large stroma-exposed domain

providing a binding site for Tic40 and Hsp93. Inclusion of new proteins in the Toc–Tic super-complex resulted in more effective import of proteins

encoded by cyanobacterial genes transferred to the host’s nucleus (indicated by a wider green arrow). The organization of Toc and Tic

translocons shown assumes content of proteins presumed for the common ancestor of red and green lineages. (D) Additional components of Toc

and Tic translocons, such as Toc64, Toc12, and Tic40, could have been added in higher plants, further improving protein recognition on the plastid

surface and translocation across the envelope membranes.(27,29,30) These changes were accompanied by the evolution of two ‘‘guidance’’

complexes in the cytosol: one composed of Hsp70 and 14-3-3 proteins(43) and the other involving only Hsp90 proteins.(44) Finally, and apparently

only in the green plant lineage, an alternative import of some proteins (e.g., a-carbonic anhydrase(31)) via EM system evolved (pink arrow).
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was eliminated for unknown reasons. Second, if primary

plastids had been surrounded by three membranes well into

their evolution, their nuclear-encoded proteins would have

carried signal peptides targeting them to the plastid via the EM

system (Fig. 5A), as currently found in eukaryotic alga-derived

plastids (see Fig. 4 and the previous discussion). After

the phagosomal membrane was lost, however, nuclear-

encoded plastid proteins were still packaged in Golgi-derived

pre-plastid vesicles that could not fuse with the cyanobacterial

outer membrane now exposed to the cytosol (Fig. 5A). This

would have prevented plastid biogenesis and there are no

obvious or even proposed selective advantages to explain

such traumatic changes.
1228
A much more parsimonious hypothesis is that loss of the

phagosomal membrane happened very early in the evolution

of primary plastids, i.e., before establishment of any import

system for nuclear-encoded proteins (Fig. 6). There are at

least three clear advantages to this hypothesis. First,

transport systems for diverse compounds would have had

to evolve (or be elaborated) in only two envelope membranes

rather than three, and both could be adapted from pre-existing

endosymbiont transporters. Second, intracellular cyanobac-

teria devoid of phagosomal membranes could have effectively

divided in the host cytosol (their plasmalemma and outer

membrane already possessed abilities to both permanently

grow and divide(112)), encouraging their stability as permanent
BioEssays 31:1219–1232, � 2009 Wiley Periodicals, Inc.
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endosymbionts. Third, loss of the phagosome would have

permitted direct import of many cyanobacterial proteins that

were already encoded by the host nucleus.

This last point is frequently overlooked in evolutionary

scenarios for the origin of plastids. Because ancestors of

algae with primary plastids were phagotrophic protozoans,

their nuclei undoubtedly contained numerous horizontally

transferred cyanobacterial genes, even before establishment

of a permanent endosymbiosis(113) (Fig. 6). This could

have provided a direct selective advantage for losing the

phagosomal membrane. It would have allowed outer

plastid membrane-residing proteins (e.g., OEP7, OEP24,

OEP37(114)) to gain direct access to primary plastids; it is

known that most of these proteins can insert spontaneously

into the membrane without help from Toc75 or other transport

proteins.(41,115) At the same time, or soon thereafter, Omp85/

Toc75 could have been inserted into the outer membrane

from the host cytosol in a reverse orientation(46,53) (Fig. 6),

facilitating additional protein insertions into the outer

membrane, and enabling import of proteins into the inter-

membrane space, the inner membrane, and probably the

stroma.

It has been shown that as many as 5% of proteins encoded

by bacterial genomes contain cryptic transit peptides(116) (see

also Refs.(117,118)). Moreover, even cyanobacterial genes

devoid of such signals could acquire them quickly, either from

random sequences dispersed in the host genome(117) or from

pre-existing mitochondrial transit sequences.(119,120) If such

genes already resided in the host nucleus, their encoded

proteins could be imported into primary plastids immediately

after insertion of Omp85/Toc75, because cyanobacterial

homologs themselves contain a receptor domain (see the

previous discussion). Thus, there were far fewer obstacles to

establishing import of proteins with typical transit peptides

very early in primary plastid evolution.

It is evident that, after the early loss of the phagosome, a

direct origin of the Toc–Tic-based import system (see Fig. 6

for details) would have been simpler than evolving ER–

Golgi-mediated targeting.(34) Accepting the less parsimo-

nious ‘‘early EM trafficking’’ scenario requires postulating

(i) acquisition of signal peptides by hundreds of plastid

proteins, (ii) origin of a specific class of Golgi-derived vesicles

to deliver proteins to the plastid, and (iii) evolution of a Golgi

sorting signal in each of numerous plastid proteins. For some

reason, this highly derived targeting and sorting system then

would have been lost for almost all plastid proteins, in favor of

Toc-based translocation (Fig. 5A). During this process, each

individual plastid signal peptide had to be modified into a

plastid transit peptide or perhaps replaced by an existing

mitochondrial transit peptide. Such an incipient post-transla-

tional import mechanism would almost certainly have been

less efficient than the original, well-adapted co-translational

system (Fig. 5A). Therefore, these changes would have been
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purged by selection without some alternative and unexplained

advantage. Finally, if initial protein targeting through the outer

primary plastid membrane was via the EM system, a

mechanism must be advanced to explain how so many

Toc-encoding genes were retained during this prolonged

period of EM trafficking. What was their selective advantage

and why were they conserved so strongly as to retain

transport function until they once again were needed, far into

the future of the plastid endosymbiosis?

Conclusion

The scenario we propose is consistent with the fact that

almost all plastid proteins are targeted post-transla-

tionally and carry easily recognizable N-terminal transit

peptides(24–30) (Fig. 1). This is far more parsimoniously

explained as the ancestral rather than derived state. It is

possible that Golgi-derived vesicles could fuse with the outer

membrane in ancient plastids, given its chimeric nature,

enabling some early exploitation of this pathway. However,

based on its identification to date only in higher plants,(31,33,68)

and the absence of a viable explanation of how selection

could have favored its replacement by a post-translational

machinery, ER–Golgi-based transport is implausible as the

ancestral mechanism that permitted wholesale movement of

endosymbiont genes into the nucleus. It is much more likely

to be a derived pathway that evolved to handle Golgi-

modified(31,33) or dually targeted(68) proteins that were later

refinements of the integration of plastids into total cellular

function.

Beyond plastids and mitochondria, there are many known

endosymbionts in eukaryotes;(121–126) they range from

transient associations(121) to highly reduced, organelle-like

entities with genomes comparable in size to those of

plastids.(126) Such independent endosymbioses offer insights

into how host cell–endosymbiont communication develops.

For example, the 160-kb genome of Carsonella ruddii, a

proteobacterial primary endosymbiont of the psyllid insect

Pachpsylla venusta, encodes only 182 predicted genes and

none for DNA replication and other vital informational

processes.(126) Given the difficulty of transferring numerous

essential genes to the germ cell line in animals, it is

hypothesized that C. ruddii endosymbionts import mitochon-

drial proteins encoded by the host nucleus.(127) The

mitochondrion almost certainly predated any primary plastid

endosymbiosis(58,128) and many modern proteins exhibit dual

targeting to plastids and mitochondria.(129–131) Thus, Carso-

nella provides a viable model for how protein import could

have first developed in primary plastids, and clearly supports

a post-translational over an EM-based system.

One additional endosymbiosis bears special consideration

in light of our major arguments: an independent lineage of

primary plastids is found in the filose, thecate amoeba
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Paulinella chromatophora.(120,132) The completely sequenced

genome of Paulinella plastids has undergone a drastic

reduction, losing approximately 75% of its original gene

complement, including many with essential functions.(133) A

search of the complete sequence of the Paulinella plastid

genome yields no homologs of Omp85/Toc75, Tic20, Tic22,

and Tic55, which suggests they could have been transferred

to the host nucleus.(57)

Indeed, Nakayama and Ishida(134) found that the psaE

gene (encoding the photosystem I reaction center subunit IV)

now resides in the Paulinella host nucleus. Interestingly, psaE

does not appear to encode any N-terminal targeting signal.

This suggests that its protein product is post-translationally

imported into Paulinella plastids using an uncharacterized

targeting signal, perhaps one localized in the mature protein

as discussed previously for the higher plant ceQORH protein.

It also is possible that the psaE gene contains an unidentified

intron and additional open reading frame (ORF) for a targeting

signal.(134) If this hypothetical ORF encoded a signal peptide,

it would indicate that a primitive EM-based transport has

evolved in P. chromatophora. If so, our evolutionary scenario

predicts that endosymbiont toc-like genes have been lost

completely and should not be present in the nuclear genome.

Conversely, if a transit peptide eventually is found, we should

expect to find a Toc–Tic-based transport system in Paulinella

plastids. In that case, essential toc and tic genes missing from

the endosymbiont should be encoded in the Paulinella

nucleus and the EM transport should be absent at this stage

of plastid evolution. Further analysis of the Paulinella

endosymbiosis can provide direct empirical tests of the

selective arguments that underlie our hypothesis of the early

evolution of primary plastid protein import.
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