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Abstract
Most organisms on Earth use glucose, a photosynthetic product, as energy source. The chloroplast, the home of photo-
synthesis, is the most representative and characteristic organelle in plants and is enclosed by the outer envelope and inner 
envelope membranes. The chloroplast biogenesis and unique functions are very closely associated with proteins in the two 
envelope membranes of the chloroplast. Especially, the chloroplast outer envelope membrane proteins have important roles 
in signal transduction, protein import, lipid biosynthesis and remodeling, exchange of ions and numerous metabolites, plas-
tid division, movement, and host defense. Therefore, biogenesis of these membrane proteins of chloroplast outer envelope 
membrane is very important for biogenesis of the entire chloroplast proteome as well as plant development. Most proteins 
among the outer envelope membrane proteins are encoded by the nuclear genome and are post-translationally targeted to 
the chloroplast outer envelope membrane. In this process, cytoplasmic receptor and import machineries are required for 
efficient and correct targeting of these membrane proteins. In this review, we have summarized recent advances on the sort-
ing, targeting, and insertion mechanisms of the outer envelope membrane proteins of chloroplasts and also provide future 
direction of the study on these topics.
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Introduction

Plastids, found ubiquitously in algae and plants, are very 
diverse, complex, and versatile organelles (Li and Chiu 
2010; Whatley 1978), and chloroplasts are the most 
important and well-known members of the plastid fam-
ily. Chloroplasts evolved monophyletically from a photo-
synthetic bacterial endosymbiont similar to cyanobacteria 
(Margulis 1981; Mereschkowsky 1905), and participate in 

various essential metabolic and cellular processes in algae 
and plants, including photosynthesis, biosynthesis of pri-
mary and secondary metabolites, communication, and 
host defense (Kessler and Schnell 2009; Reyes-Prieto et al. 
2007). Chloroplasts are surrounded by two envelope mem-
branes, the outer envelope membrane (OEM) and the inner 
envelope membrane (IEM), which function as biochemical 
and physical barriers to enable unique metabolic reactions 
and functions, and to efficiently communicate with other 
organelles and the cytosol. These communications are 
related to physical interactions with other cellular compart-
ments, protein import, and exchanges of metabolites and 
ions (Inoue 2011). Such events on the chloroplast envelope 
membrane are closely related to the intrinsic functions of 
chloroplast OEM proteins. All chloroplast OEM proteins 
are nuclear-encoded proteins that are synthesized on 80S 
ribosomes in the cytosol and targeted to the chloroplast 
OEM in a post-translational targeting process (Keegstra and 
Cline 1999; Leister 2003). Generally, chloroplast OEM pro-
teins are classified into three groups, signal-anchored (SA), 
tail-anchored (TA), and β-barrel proteins. The targeting of 
these proteins to the chloroplast is different from the transit 
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peptide-mediated protein import into chloroplasts (Baldwin 
and Inoue 2006; Inoue and Keegstra 2003; Lee and Hwang 
2018; Tranel and Keegstra 1996). During post-translational 
targeting, chloroplast OEM proteins face tremendous chal-
lenges related to the maintenance of proper proteostasis in 
an aqueous environment. While traversing that environment, 
the proteins are prone to misfolding or aggregation. As an 
essential part of proteostasis, membrane protein-targeting 
machineries must provide specific receptors or molecular 
chaperones to protect the cargo proteins from aggregation 
and to keep them in a translocation-competent state (Jaru-
Ampornpan et al. 2010; Kim and Hwang 2013). To eluci-
date the targeting mechanisms related to these proteins, it 
is essential to identify their targeting signals as well as the 
molecular machineries involved in the targeting. Recently, 
significant progresses have been made in the identification of 
the targeting signals and cytosolic targeting factors of chlo-
roplast OEM proteins (Bae et al. 2008; Dhanoa et al. 2010; 
Kim et al. 2014, 2015; Lee et al. 2011; Walther et al. 2009). 
In this review, we have mainly focused on recent advances 
in understanding the cytosolic events associated with the 
targeting of proteins to the OEM of chloroplasts in plants.

Biogenesis of OEM signal‑anchored proteins: 
targeting signals and cytosolic targeting 
factors

SA proteins mainly perform very important functions in 
various biological processes including as a receptor for 
the import of chloroplast precursor proteins and as a lipid-
biosynthetic enzyme (Cline and Keegstra 1983; Moellering 
et al. 2010; Qbadou et al. 2007; Sohrt and Soll 2000). SA 
proteins of the chloroplast OEM lack a cleavable targeting 
sequence, the transit peptide that is responsible for proteins 
import into chloroplasts (Lee et al. 2001, 2004, 2006, 2008; 
Li and Chiu 2010). The targeting signals for SA proteins of 
chloroplast OEM have three chemical or structural features: 
a TMD, a C-terminal positively charged region (CPR), and 
hydrophobicity in the TMD. Characteristically, SA proteins 
contain a single TMD at their N-terminal region. The TMD 
is a stretch of about 20 amino acid residues consisting pri-
marily of hydrophobic amino acids and functions in provid-
ing correct localization in the cell and for insertion into the 
hydrophobic lipid membrane (Lee et al. 2001; Schleiff and 
Becker 2011; Schleiff et al. 2001). Additionally, the TMDs 
of the SA proteins of the chloroplast OEM have moderate 
hydrophobicity. Intriguingly, increasing the hydrophobic-
ity in the TMD of AtToc64 altered its localization from 
the chloroplast to the plasma membrane (Lee et al. 2004), 
indicating that moderate hydrophobicity in the TMD of SA 
proteins is important for targeting SA proteins to the chloro-
plast OEM. Generally, a TMD should have a hydrophobicity 

value below 0.4 on the Wimley and White hydrophobicity 
(WWH) scale with more than 89% of chloroplast SA pro-
teins having hydrophobicity values below 0.4 on the WWH 
scale (Lee et al. 2011). The other structural feature involved 
in the targeting of chloroplast OEM SA proteins is the CPR 
of the TMD. Generally, the CPR in the TMD of a chloroplast 
OEM-targeted SA protein has an important role in signals 
related to signal recognition particles evading and determin-
ing the topology in membrane (Lee et al. 2001, 2004, 2011; 
von Heijne 1992). The CPR is mainly located at the short 
C-terminal flanking region of the TMD and usually contains 
three or more positively charged amino acid arginine and/
or lysine residues (Lee et al. 2011). These three basic amino 
acid residues in the CPR are a minimum requirement. Sub-
stitution of these basic residues with neutral amino acids 
in the CPR alters the localization of SA proteins OEP7 and 
AtToc64 to the plasma membrane in Arabidopsis (Lee et al. 
2001, 2004, 2011). Although the characteristics of the CPR 
have not yet been clearly established, additional features, 
such as amino acid composition and density of basic resi-
dues in the CPR and distance of the CPR from the TMD, are 
also important for CPR function. However, both the basic 
requirements of CPR and the moderate hydrophobicity of 
TMD are needed to determine the targeting specificity of an 
SA protein. Because endoplasmic reticulum (ER) and mito-
chondrial SA proteins have similar targeting signals, a chal-
lenging issue in plant research is to clearly define the CPR 
and determine how targeting signals confer target specificity.

When nascent proteins of organelles emerge from the exit 
tunnel of ribosomes during translation, they may interact 
with specific targeting factors and/or molecular chaperones 
that assist in specific targeting of the protein to the proper 
intracellular compartment (Lee et al. 2014; Schlünzen et al. 
2005; Spreter et al. 2005; Ullers et al. 2003). Hydropho-
bic SA proteins of the chloroplast OEM are targeted post-
translationally. One challenging point is how hydrophobic 
SA proteins of the chloroplast OEM can maintain their 
proper proteostasis in the aqueous environment during 
post-translational targeting. Therefore, protein-targeting 
machineries need to provide chaperones or cytosolic recep-
tors to protect the hydrophobic SA proteins from the aque-
ous environment and to keep them under more favorable 
conditions for membrane anchoring. Recently, important 
progress has been made in studying the sorting and targeting 
mechanism of the chloroplast OEM-targeted SA proteins. 
Ankyrin repeat-containing protein 2 (AKR2), AKR2A and 
AKR2B, have been identified as a cytosolic targeting fac-
tor for targeting of SA proteins of chloroplast OEM (Bae 
et al. 2008). AKR2 interacts with the targeting signals of 
SA client proteins including the TMD and CPR through its 
N-terminal region that contains PEST, C1, and C2 domains 
(Bae et al. 2008; Kim et al. 2014). The first step in cargo 
recognition by AKR2 is in the translation process. The 
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targeting signal of a nascent cargo protein of AKR2 resid-
ing in the ribosomal exit tunnel induces AKR2 docking to 
ribosomal RPL23A located near the exit site (Fig. 1). Sub-
sequently, the RPL23A-bound AKR2 binds to the targeting 
signal when it becomes exposed from ribosomal exit tun-
nel (Kim et al. 2015). Therefore, AKR2 displays chaperone 
activity attributes and prevents non-specific aggregation of 
its client proteins by binding to the hydrophobic TMD (Bae 
et al. 2008). However, failure of AKR2 binding to RPL23A 
severely disrupts protein targeting to the chloroplast OEM 
and biogenesis of the entire chloroplast proteome as well 
as plant development (Kim et al. 2015). Therefore, the tim-
ing and positioning of AKR2 on the translating ribosome 

are very critical for correct recognition and protection of 
the hydrophobic targeting signals of nascent SA proteins 
during translation. Another important question is how dose 
AKR2 recognize chloroplasts and insert their SA proteins 
into the chloroplast OEM. AKR2 binds to two chloroplast 
OEM lipids, monogalactosyldiacylglycerol (MGDG) and 
phosphatidylglycerol (PG), through its C-terminal ankyrin 
repeat domain (ARD) and facilitates membrane insertion of 
its SA cargo proteins, in which protein import channel Toc75 
assists with their insertion (Bae et al. 2008; Kim et al. 2014; 
Tu et al. 2004). Molecular modeling, structural analysis, and 
mutational analysis of the ARD have identified two adjacent 
sites, L1 and L2, for coincidental and synergistic binding 

Fig. 1  Targeting mechanism of signal-anchored (SA) proteins to the 
chloroplast outer envelope membranes. Targeting signals of chlo-
roplast OEM SA proteins have three chemical or structural features: 
a TMD, a CPR, and hydrophobicity in the TMD. The N-terminal 
moderate hydrophobic TMD of the SA protein has a function as a 
targeting signal and a membrane anchor. In addition, the CPR fol-
lowing the TMD plays an important role in signal for SRP-evading 
and determining the topology in membrane. The targeting signal of 
nascent cargo protein residing in the ribosomal exit tunnel induce 
AKR2 docking to the ribosomal RPL23A located near the exit site. 
Subsequently, RPL23A-bound AKR2 binds to the targeting signal 
when it becomes exposed from ribosomal exit tunnel. The activity of 
AKR2 for targeting of the SA proteins is enhanced by dimer form of 

the class I small heat shock protein sHsp17.8. Two adjacent grooves 
of the ARD specifically binds to two chloroplast lipids MGDG and 
PG and that this lipid binding is a driving force for the chloroplast 
recognition of AKR2. Interestingly, AKR2 of modern-day land plants 
evolved from the ARD of the host cell by stepwise addition of its 
N-terminal three domains (left box). AKR2 ankyrin repeat-containing 
protein 2, ARD ankyrin repeat domain, C1 conserved domain 1, C2 
conserved domain 2, CPR C-terminal positively charged flanking 
region, MGDG monogalactosyldiacylglycerol, PEST proline, glu-
tamic acid, serine and threonine rich sequence, PG phosphatidylg-
lycerol, TMD transmembrane domain, +++ positively charged amino 
acid residues, ? postulated factor, dashed arrow, postulated pathway
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of MGDG and PG, respectively. Interestingly, AKR2 of 
modern-day land plants evolved from the ARD of the host 
cell by the stepwise addition of three domains (PEST, C1, 
and C2) in its N-terminal, and two lipids (MGDG and PG) 
of the endosymbiont were selected to function as the AKR2 
receptor for SA protein biogenesis (Fig. 1; Kim et al. 2014). 
These findings strongly suggest that the targeting mecha-
nism of chloroplast OEM proteins was established by using 
components from both the host cell and the endosymbiont 
through gradual modification of the protein–protein interact-
ing module ARD into a lipid-binding domain. Furthermore, 
the C-terminal ARD of AKR2 also interacts with the dimer 
form of sHsp17.8, a member of the cytosolic class I small 
heat shock protein (sHsp) family, as a cofactor, and these 
interactions facilitate AKR2-mediated targeting of SA pro-
teins to the chloroplast OEM (Kim et al. 2011). In the future, 
more detailed analysis of membrane insertions of the SA 
proteins into the chloroplast OEM is needed. Additionally, 
since the targeting signals of chloroplast and mitochondrial 
SA proteins in plants are very similar, a challenging study 
is needed on how the target specificities between these two 
organelles have been established.

Biogenesis of OEM tail‑anchored proteins: 
targeting signals and cytosolic targeting 
factors

Although a number of TA proteins of the chloroplast OEM 
have been identified (Inoue 2007; Simm et al. 2013), the tar-
geting signals and biogenesis mechanisms of these proteins 
have not yet been studied in detail. The targeting signals 
for TA proteins of chloroplast OEM have four chemical or 
structural features: a TMD, a C-terminal sequence (CTS, 
similar to CPR) following the TMD, hydrophobicity in the 
TMD, and a GTPase domain (in some cases). However, 
these features of TA proteins of the chloroplast OEM differ 
in their importance depending on the type of TA protein. 
TA proteins are another class of chloroplast OEM proteins 
that do not contain a cleavable signal sequence for chlo-
roplast OEM targeting (Borgese et al. 2007), but TA pro-
teins do have a single TMD at their C-terminal region that 
functions as a targeting signal and in membrane anchoring 
(Bauer et al. 2002; Smith et al. 2002; Dhanoa et al. 2010). 
A noticeable feature of TA proteins of the chloroplast OEM 
is that the hydrophobicity value in TMD appears to vary 
significantly compared to that of chloroplast SA proteins 
and mitochondrial TA proteins containing a moderately 
hydrophobic TMD (Lee et al. 2014). The hydrophobicity of 
TMD in TA proteins of the chloroplast OEM is considered 
to be less important in determining targeting specificity to 
chloroplast OEM. Moreover, in the case of TA proteins of 
mitochondrial OEM, the TMD and CTS are necessary and 

sufficient for mitochondrial OEM targeting (Dukanovic and 
Rapaport 2011; Hwang et al. 2004; Kaufmann et al. 2003; 
Rapaport 2003), whereas the C-terminal part of Toc33 or 
Toc34, including the TMD and CTS, is necessary but not 
sufficient for targeting to the chloroplast OEM in vivo (Dha-
noa et al. 2010). Interestingly, plants are thought to have 
unique targeting mechanism as has been demonstrated 
experimentally for the GTPase domain acting as a target 
signal in Toc33 and Toc34 (Dhanoa et al. 2010). Toc33 and 
Toc34, which are involved in precursor protein import into 
the chloroplast interior, have two important domains includ-
ing the N-terminal GTPase domain and the C-terminal TMD 
for targeting of and anchoring to the chloroplast OEM. The 
GTPase domain of Toc33 interacts with the GTPase domain 
of Toc159, which allows specific targeting of Toc33 to the 
chloroplast OEM (Bauer et al. 2002; Smith et al. 2002). On 
the other hand, the GTPase domain of Toc159 binds to the 
chloroplast OEM in vitro, but a truncated form of Toc159 
that lacks the GTPase domain is still capable of binding to 
the chloroplast OEM (Smith et al. 2002). Therefore, the clear 
role of the GTPase domain, such as determining targeting 
specificity in the targeting mechanism of TA proteins of the 
chloroplast OEM, seems to be limited to certain proteins 
such as Toc33 and Toc34. In addition, the other structural 
feature associated with the targeting of chloroplast TA pro-
teins is the CTS. Basic amino acid residues located at a 
C-terminal flanking region or on both sides of the TMD pro-
duce a positive net charge. Although the positive net charge 
in the CTS is an important structural feature for the proper 
location of mitochondrial TA proteins, the net charge in the 
CTS of chloroplast TA proteins appears to have no signifi-
cant function in some TA proteins such as Toc33 (Dhanoa 
et al. 2010). The CTS of Toc33 even inhibits the chloroplast 
OEM targeting of TA protein OEP9. On the other hand, 
the TMD and CTS in OEP9 are necessary and sufficient 
for targeting to the chloroplast OEM (Dhanoa et al. 2010). 
Interestingly, when the CTS of tung tree (Aleurites fordii) 
mitochondrial cytochrome b5 reductase (Cb5) is replaced 
with the CTS of OEP9, the chimeric protein was targeted 
to the chloroplast OEM. Moreover, the CTS of OEP9 medi-
ates chloroplast OEM targeting of the GTPase domain dele-
tion mutant of Toc33. In contrast, substitution mutants of 
positively charged or negatively charged amino acid residues 
in the CTS of OEP9 lead to mitochondrial OEM targeting 
instead of chloroplast OEM targeting, which suggests that 
the positive net charge or the distribution of positive amino 
acid residues in the CTS of OEP9 is crucial for determining 
the targeting specificity of chloroplast TA proteins (Dhanoa 
et al. 2010). Nevertheless, there are still many unanswered 
questions regarding the targeting of TA proteins of the chlo-
roplast OEM. More detailed studies are required to clearly 
define the relationship between the positive net charge or the 
distribution of positive amino acid residues in the CTS and 
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the targeting specificity of TA proteins of the chloroplast 
OEM. As in the case of SA proteins, TA proteins of the ER, 
mitochondria, and chloroplast also show high similarity in 
the structural and physical–chemical properties of their tar-
geting signals. Therefore, it is necessary to study how the 
target specificity of TA proteins is determined among the 
chloroplast OEM and other organelles.

The ribosomal exit tunnel retains the C-terminal, approxi-
mately 40 amino acids of a nascent chain, during translation 
(Blobel and Sabatini 1970). Generally, since the targeting 
signal TMD and CTS of TA proteins are located within ~ 40 
amino acids from the end of the C-terminus, the nascent TA 
proteins are released from the ribosome before the C-termi-
nal TMD and CTS emerge from the ribosomal exit tunnel; 
as a consequence, the TMD will be recognized after transla-
tion (Stefanovic and Hegde 2007). Therefore, the C-terminal 
location of the hydrophobic TMD and its exposure timing 
from the ribosomal exit tunnel cause additional complexity 
during the targeting of TA proteins (Chartron et al. 2012). 
Although the targeting mechanisms underlying selective 
targeting of TA proteins are well established in mammalian 
cells and yeast, little is known about the molecular mecha-
nism for the biogenesis of TA proteins of the chloroplast 
OEM. Chloroplast OEM TA proteins such as OEP9 and 
Toc33/Toc34 interact with the AKR2 which, as a cytosolic 
targeting factor, is also involved in targeting SA proteins to 
the chloroplast OEM (Fig. 2; Bae et al. 2008; Dhanoa et al. 
2010). However, the targeting signal of OEP9 is partially dif-
ferent from that of Toc33/Toc34. OEP9 has a single hydro-
phobic TMD and a long hydrophilic CTS comprising 32 
amino acids acting as a targeting signal (Dhanoa et al. 2010). 
Although Toc33 and Toc34 also have TMD and CTS at their 
C-termini, their targeting to the chloroplast OEM is largely 
dependent on almost the entire protein sequence including 
the N-terminal GTPase domain rather than the C-terminal 
TMD and CTS. This difference implies that the targeting of 
TA proteins to the chloroplast OEM may not solely depend 
on AKR2, and there is a possibility of involvement of other 
factors in this process. Recent studies on green algae (Chla-
mydomonas reinhardtii) showed that arsenite transporter 
(ArsA1) appears to be required for the accumulation of TA 
protein Toc34, an essential component of the chloroplast 
OEM translocon (TOC) complex (Formighieri et al. 2013; 
Maestre-Reyna et al. 2017). Interestingly, there are two 
ARSA homolog genes, ARSA1 and ARSA2, in the C. rein-
hardtii genome that are homologs of cytosolic targeting fac-
tors TRC40 and GET3 in mammalian cells and yeast, respec-
tively (Formighieri et al. 2013). CrArsA1 and CrArsA2 can 
form a complex with co-expressed TA proteins CrSec61β 
and CrToc34, respectively. Based on structural modeling, 
molecular dynamics simulation, and protein-binding assay-
based studies, the ArsAs in C. reinhardtii are not arsenite 
transporters, and the targeting specificity of CrArsAs is 

achieved at the ligand level, with ArsA1 mainly carrying 
TA proteins to the chloroplast OEM, while CrArsA2 carries 
them to the ER (Maestre-Reyna et al. 2017). However, the 
three GET3 paralogs of Arabidopsis were localize to the 
cytosol (AtGET3a), chloroplast (AtGET3b), and mitochon-
dria (AtGET3c), respectively (Xing et al. 2017). AtGET3b, 
a homolog of CrArsA1, is predicted to have a transit pep-
tide, and is clearly targeted to the chloroplast inside. The 
intracellular localization of AtGET3b and CrArsA1 is 
completely different. Therefore, further studies are needed 
on how CrArsA1 and AtGET3 functions in the cytosol 
and chloroplast, respectively. Additionally, more detailed 
analyses are required of when and how AKR2 participates 
in the targeting process of chloroplast TA proteins and of 
whether AKR2 communicates with ArsA1 or its homologs 
for specific targeting of TA proteins to the chloroplast OEM 
in green algae and plants. Another factor involved in the 
targeting and membrane insertion of chloroplast TA proteins 
is lipid molecules. In cell-free competitive targeting assays, 
targeting of chloroplast TA protein can occur efficiently and 
with high fidelity in the absence of cytosolic factors, but the 
addition of cytosolic fractions, Hsp70, and Hsp90, respec-
tively, increased the targeting efficiency of chloroplast TA 
proteins but not the fidelity (Kriechbaumer and Abell 2012). 
Additionally, compared with OEP9, Toc33 and Toc34 dif-
fer in their membrane insertions and those insertions are 
dependent on themselves and the unique lipid composition 
of the chloroplast OEM. In addition, membrane insertion 
of OEP9 into the chloroplast OEM is dependent on a pro-
teinaceous factor (Dhanoa et al. 2010). These results sug-
gest that targeting of the TA proteins of chloroplast OEM is 
primarily dependent on events at the chloroplast OEM, and 
the main role of cytosolic targeting factors in this process 
is to increase targeting efficiency by maintaining an inser-
tion competent status at the outer envelope. Nevertheless, 
cytosolic targeting factors are probably needed to protect the 
hydrophobic TMD, which acts as a target signal, and to keep 
nascent membrane proteins in membrane insertion compe-
tent status by preventing their aggregation or by minimizing 
abnormal interactions with other proteins or metabolites in 
the cellular environment (Ellis and Minton 2006; Flores-
Pérez and Jarvis 2013; Lee et al. 2014).

Biogenesis of OEM β‑barrel proteins: 
targeting signals and cytosolic targeting 
factors

The third group of chloroplast OEM proteins includes the 
β-barrel proteins that mainly function as transporters for 
ions, metabolites, and chloroplast interior and IEM pro-
teins. Although little is known about the targeting mecha-
nism of the chloroplast OEM β-barrel proteins, the targeting 
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mechanism of Toc75-III has been studied extensively. 
Toc75-III is a common element of TOC complexes and it 
has a central role in general protein import as well as in both 
the assembly and function of TOC GTPases such as Toc34 
and Toc159. In bacteria, yeast, and mammalian cell studies, 
the targeting signal of β-barrel proteins is not restricted to 
specific motifs or domains in the primary sequence. Instead, 
it has been proposed that the targeting signal is dispersed 
throughout the protein and is displayed in the form of a sec-
ondary and/or tertiary structure (Court et al. 1996; Rapaport 
and Neupert 1999; Walther et al. 2009). Unlike β-barrel pro-
teins of other organelles, the chloroplast OEM β-barrel pro-
tein Toc75-III has a cleavable N-terminal bipartite targeting 

signal that is essential for protein targeting from the cytosol 
to the chloroplasts after translation (Tranel and Keegstra 
1996). Intriguingly, the N-terminal target signal of Toc75-
III is composed of two parts; the first part is a canonical 
transit peptide, and the second part is a glycine-rich region 
comprised a polyglycine stretch and hydrophobic residues 
following the transit peptide (Inoue and Keegstra 2003; 
Tranel and Keegstra 1996). Chimeric fusion proteins of the 
N-terminal region of precursor Toc75-III can be targeted 
to the stroma, which means that the N-terminal region has 
a function as a typical transit peptide (Tranel and Keegstra 
1996). In addition, the function of the glycine-rich region 
is to insert Toc75 into the chloroplast OEM (Baldwin and 

Fig. 2  Targeting mechanism of tail-anchored (TA) proteins to the 
chloroplast outer envelope membrane. Little information is available 
about the mechanisms and molecular machineries of the targeting of 
TA proteins to the chloroplast OEM. Basically, the targeting signals 
for TA proteins of chloroplast OEM have four chemical or structural 
features: a TMD, a C-terminal sequence (CTS, similar to CPR) fol-
lowing the TMD, hydrophobicity in the TMD, and the GTPase 
domain (in the case of Toc33/Toc34). However, these features differ 
in their importance depending on the type of TA proteins. AKR2 also 
binds to the chloroplast OEM-targeted TA proteins such as OEP9, 
Toc33, and Toc34. In addition, the cytosolic targeting factor ArsA1, 
which is homologs of TRC40 and Get3 function as cytosolic targeting 

factor for the TA proteins in yeast and mammalian cells, mediates the 
biogenesis and targeting of Toc34 in green algae (Chlamydomonas 
reinhardtii). In the case of Toc33, the GTPase domain of Toc33 
interacts with the GTPase domain of Toc159 which allows specific 
targeting of Toc33 to the chloroplast OEM. Moreover, the unique 
lipid composition of the chloroplast OEM is also important for the 
efficient insertion of the TA proteins. AKR2 ankyrin repeat-contain-
ing protein 2, ArsA1 arsenite transport 1, CTS C-terminal sequence, 
MGDG monogalactosyldiacylglycerol, PG phosphatidylglycerol, TA 
tail-anchored, TMD transmembrane domain, +++ positively charged 
amino acid residues, ? postulated factor, dashed arrow, postulated 
pathway
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Inoue 2006; Tranel and Keegstra 1996). On the other hand, 
other chloroplast OEM β-barrel proteins, OEP24, OEP37, 
and Toc75-V/OEP80, are also predicted to have a transit 
peptide at their N-terminal end, whereas OEP23 and TGD4 
do not (Lee et al. 2014; Patel et al. 2008). In the case of 
Toc75-V/OEP80 in Arabidopsis, the approximately 52 
amino acid residues of the N-terminal are dispensable in 
the targeting, insertion, or functionality of this protein (Hsu 
et al. 2012; Patel et al. 2008). However, whether the pre-
dicted transit peptides in the other proteins are involved in 
chloroplast targeting has not yet been experimentally con-
firmed. Collectively, these results suggest that the location 
and form of targeting signals vary depending on each protein 
and indicate the possibility that various targeting mecha-
nisms exist for chloroplast OEM-targeted β-barrel proteins. 
In the future, more detailed analyses are required to identify 
the targeting signals in the various β-barrel proteins of the 
chloroplast OEM and to determine how the targeting signals 
of chloroplast OEM-targeted β-barrel proteins is different 
from the targeting signals of the β-barrel proteins targeted 
to other organelles.

Consequently, specific cytosolic targeting factors for the 
sorting, targeting, and membrane insertion of β-barrel pro-
teins of the chloroplast OEM have not yet been identified in 
plants. Although OEP24, OEP37, and Toc75-V/OEP80 are 
predicted to have a cleavable targeting signal, all currently 
studied chloroplast OEM proteins except Toc75-III are syn-
thesized in the cytosol in mature form without a cleavable 
targeting signal and are targeted to the chloroplast OEM 
(Hofmann and Theg 2005; Lee et al. 2014; Li and Chiu 
2010; Schleiff and Becker 2011). Toc75-III has a cleavable 
bipartite targeting signal consisting of a canonical transit 
peptide and a polyglycine stretch, which can be cleaved off 
by the stromal processing peptidase (SPP) and a membrane-
bound plastidic type I signal peptidase (Plsp1), respectively 
(Fig. 3; Inoue et al. 2005; Tranel and Keegstra 1996). The 
intermediate form of Toc75-III, the N-terminal transit pep-
tide-cleaved form, does not accumulate in the stroma but is 
arrested in the intermembrane space between the outer and 
inner envelope membranes, and the glycine-rich region in 
Toc75-III is cleaved by a type I signal peptidase, resulting in 
mature and functional Toc75-III (Inoue and Keegstra 2003; 
Inoue et al. 2005; Shipman and Inoue 2009). Interestingly, 
the glycine-rich region in the intermediate form of Toc75-III 
appears to be critical for arresting the import of the protein 
in the intermembrane space and for stimulating the integra-
tion of the Toc75-III mature form into the chloroplast OEM 
(Inoue and Keegstra 2003). In addition, the reduction of 
OEP80 in Arabidopsis by a dexamethasone-inducible RNA 
interference strategy results in the reduced accumulation of 
Toc75-III, raising the possibility that OEP80 might consti-
tute the core of the machinery needed for β-barrel protein 
insertion into the chloroplast OEM (Hsu and Inoue 2009; 

Huang et al. 2011; Schleiff and Soll 2005). However, direct 
evidence for the involvement of OEP80 in membrane inser-
tion of β-barrel proteins has not been reported. Overall, the 
exact mechanism of and cytosolic components for sorting, 
targeting and insertion of chloroplast OEM-targeted β-barrel 
proteins, including Toc75-III, are still undescribed. Moreo-
ver, it is unclear whether the N-terminal transit peptide of 
β-barrel proteins is functionally similar to that of the tra-
ditional transit peptide in chloroplast interior proteins and 
whether molecular chaperones such as Hsp70, Hsp90, and 
14-3-3 are also involved in the targeting of these proteins.

Conclusions and prospects

The mechanisms for protein targeting to various subcellular 
locations have been studied extensively in bacteria, yeast, 
and mammalian cells. Now detailed molecular mechanisms 
have been elucidated for ER and mitochondrial protein dis-
tribution systems. Understanding the biogenesis mechanisms 
of proteins targeted to each organelle can provide impor-
tant clues to elucidating the physiological function of each 
organelle and to understanding the principles of related life 
phenomena. Recently, significant progresses have been made 
in the identification of the sorting mechanism of SA client 
proteins and the recognition mechanism of the chloroplast 
OEM by the cytosolic receptor AKR2 in plants. The chlo-
roplast OEM proteins can be classified into three groups: 
SA proteins, TA proteins, and β-barrel proteins. Especially, 
the SA and TA proteins have a hydrophobic TMD acting as 
a targeting signal and a membrane insertion region. There-
fore, the biogenesis of membrane proteins needs to be under-
stood in terms of four key stages: coordination and sorting of 
ribosomes during translation, recognition of nascent client 
proteins by targeting factors, receptors on the target orga-
nelle for targeting factors, and transporters or translocases 
for insertion of membrane proteins. For the elucidation of 
the biogenesis process of chloroplast OEM proteins, further 
studies are needed to find many puzzle pieces in order to 
fully understand these four key stages. In addition, since 
membrane proteins of ER and mitochondria also have hydro-
phobic TMDs as targeting signals, it is also necessary to 
study how the targeting signals of chloroplasts, ER, and 
mitochondria can be differentiated to ensure proper target-
ing. Furthermore, AKR2, a cytosolic receptor for chloro-
plast OEM-targeted SA proteins, has evolved through the 
stepwise addition of N-terminal PEST, C1, and C2 domains 
from the ARD of the host cell during the evolution from 
green algae to land plants. Therefore, future studies should 
be directed to find clues as to how the targeting signal of the 
chloroplast OEM proteins, its cytosolic factors, and the com-
ponents involved in the membrane insertion have evolved 
in parallel through communication with each other during 
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endosymbiosis of cyanobacteria. Such studies will contrib-
ute greatly to understanding the organellogenesis process of 
endosymbionts.
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