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Chloroplasts are present in organisms belonging to the kingdom Plantae. These organelles are thought to have originated
from photosynthetic cyanobacteria through endosymbiosis.
During endosymbiosis, most cyanobacterial genes were transferred to the host nucleus. Therefore, most chloroplast proteins became encoded in the nuclear genome and must return to the chloroplast after translation. The N-terminal cleavable transit peptide (TP) is necessary and sufficient for the
import of nucleus-encoded interior chloroplast proteins. Over
the past decade, extensive research on the TP has revealed
many important characteristic features of TPs. These studies
have also shed light on the question of how the many diverse
TPs could have evolved to target specific proteins to the chloroplast. In this review, we summarize the characteristic features of TPs. We also highlight recent advances in our understanding of TP evolution and provide future perspectives
about this important research area.
Keywords: chloroplast evolution, endosymbiosis, protein
import into chloroplasts, transit peptide

INTRODUCTION
The chloroplast (a type of plastid) is a unique organelle
found in organisms belonging to the kingdom Plantae that is
responsible for photosynthesis, which produces the primary
carbon source for these organisms. Many reactions and cellular processes occur in chloroplasts based on the availability

of this primary carbon source. These metabolic reactions
lead to the production of secondary metabolites, lipids, amino acids, and many plant hormones (Dempsey et al., 2011;
Facchinelli and Weber, 2011; Kobayashi and Wada, 2016;
Schaller and Stintzi, 2009). In addition, chloroplasts are major organelles involved in ROS production (Shapiguzov et al.,
2012), and they play crucial roles in maintaining ion homeostasis, particularly Fe ions, which are crucial for metabolic
reactions and photosynthetic electron transport chains
(Nouet et al., 2011). Chloroplasts also play a crucial role in
late embryogenesis (Kim et al., 2009).
To execute these many reactions and cellular processes,
chloroplasts must contain a large number of proteins, often
in large quantities. In fact, chloroplasts are thought to contain more than 3000 proteins (Leister, 2003). The chloroplast has its own genome, which encodes chloroplast proteins. However, the chloroplast genome encodes only approximately 100 genes, including chloroplast rRNA (Yagi and
Shiina, 2014). Thus, the chloroplast must import most of its
proteins from the cytosol. More than 95% of chloroplast
proteins are encoded in the nuclear genome (Shi and Theg,
2013). These proteins are post-translationally delivered to
chloroplasts after their translation on cytosolic ribosomes.
Thus, protein targeting to chloroplasts is an essential process
for chloroplast activity and for the normal functioning of
plants. In this review, we will summarize our current understanding of how the protein-targeting mechanism might
have evolved during the endosymbiotic conversion of cyanobacteria to chloroplasts, how this mechanism functions,
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and what is still unknown about this process by focusing on
a single targeting signal, the transit peptide (TP).

ENDOSYMBIOTIC CONVERSION OF
CYANOBACTERIA TO CHLOROPLASTS
Extensive research on the origin of chloroplasts suggests that
chloroplasts evolved from cyanobacteria via endosymbiosis.
This hypothesis is based on the similarity between various
aspects of chloroplasts and cyanobacteria, including the
amino acid sequences of their proteins, their photosynthetic
machinery and mechanisms, and their genomes (Gould et
al., 2008; McFadden, 2014). However, exactly how this occurred and the underlying mechanism of endosymbiotic
conversion remain a mystery. Endosymbiosis might have
occurred via a process that included at least three crucial
steps: 1) certain genes were laterally transferred from the
endosymbiont to the host genome; 2) the transferred genes
were transcribed and translated in the host cell; and 3) after
translation, these proteins were sent back to the endosymbiont from the host cell. Of these, the first step, lateral gene

transfer, might have been the initial but not the determining
step for endosymbiosis, as lateral gene transfer between
organisms occurs frequently. Instead, step 3, the delivery of
proteins from the host cytosol to the endosymbiont, might
have been the most pivotal step in endosymbiotic conversion.
The delivery of specific protein to the endosymbiont might
have been possible due to the development of a new protein targeting mechanism to the endosymbiont. Such successful protein delivery might have facilitated further gene
transfer from the endosymbiont to the host genome, leading to a severe reduction in the endosymbiont’s genome,
which eventually ended up losing its independence as an
organism. However, these ideas are still speculative, and the
exact processes remain elusive.

DELIVERING PROTEINS FROM THE CYTOSOL TO
THE CHLOROPLAST
A specific protein-targeting mechanism is required for the
delivery of proteins from the cytosol to an organelle, which
consists of two parts: cargo proteins and the molecular

Fig. 1. The multiple steps of preprotein import into chloroplasts. The transit peptide (TP) is a signal sequence in chloroplast interior proteins. In the cytosol, the TP is recognized by cytosolic chaperones such as Hsp70, Hsp90, or factors yet to be identified, which leads to
the targeting of preproteins to the chloroplast. At the outer envelope membrane of the chloroplast, the TP interacts with the GTPase
receptors Toc159 and Toc34 of the Toc complex, which initiates the translocation of the preprotein through the import channel at the
outer envelope membrane. The TP of the preprotein is released from the Toc complex and recognized by the POTRA domains of the
Toc75 channel, which coordinate the transfer of the preprotein to the Tic complex. The TP is released from the Tic complex and interacts
with stromal chaperone Hsp70 or Hsp93, which has ATPase activity, allowing them to pull the preprotein into the chloroplast. The TP is
cleaved off by a stromal processing peptidase during or after the import process.
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machinery. Cargo proteins carry specific information for
targeting to a particular organelle. The molecular machinery
usually contains many components that recognize this targeting information and execute the targeting process. If
chloroplasts indeed evolved from endosymbiotic bacteria,
the targeting mechanism should have developed during
organellogenesis (Garg and Gould, 2016; Zimorski et al.,
2014). However, how protein-targeting mechanisms developed remains unclear. Cyanobacteria are Gram-negative
bacteria with two envelope membranes. Thus, in order for a
protein to be imported from the cytosol to an endosymbiont
undergoing organellogenesis, a specific signal sequence
might have initially been attached to the protein, specifically
a nucleus-encoded, chloroplast-destined protein. Subsequently, molecular machinery might have developed that
allows the import process to occur more efficiently and more
specifically. Thus, the development of the targeting signal
must have been the most crucial event leading to the development of this protein-targeting mechanism. Currently,
most proteins imported into chloroplasts contain an Nterminal cleavable signal sequence, the TP (Bruce, 2000; Lee
et al., 2006).
The entire process of protein import into chloroplasts can
be divided into several different steps (Fig. 1) (Jarvis, 2008; Li
and Chiu, 2010; Paila et al., 2015). The first step involves
specific sorting of chloroplast proteins in the cytosol after
translation. After the sorting step, the proteins navigate
through the cytosol. In contrast to other organelles, chloroplast-destined proteins exist transiently in an unfolded form
in the cytosol. Thus, an important question is how the precursor proteins pass through the aqueous cytosol to the
chloroplast in an unfolded form. The cytosol contains a protein quality control mechanism to remove unfolded or misfolded proteins, which are highly prone to forming cytotoxic
non-specific protein aggregates in the cell (Lee et al., 2009b;
2013; 2016). Thus, the unfolded chloroplast precursors
must somehow be excluded from the cytosolic quality control system while they are navigating through the cytosol to
chloroplasts. These precursor proteins then bind to the surface of the chloroplast. After binding to chloroplasts, the
proteins are imported into these organelles via translocation
through the two envelope membranes, followed by delivery
into the chloroplast stroma (Fig. 1) (Lee et al., 2013). Finally,
the TP is cleaved from the mature region of the protein by
SPP (stromal processing peptidase). Depending on their final
destination, proteins imported into the stroma are further
targeted to suborganellar locations within the chloroplast
(Lee et al., 2017).

INFORMATION ENCODED BY AND
CHARACTERISTIC FEATURES OF TPs
The N-terminal TP is necessary and sufficient for the import
of TP-containing proteins into chloroplasts, suggesting that
TPs contain all the information needed for the entire process,
from sorting in the cytosol to processing of the TP in the
stroma (Chotewutmontri et al., 2017; Lee et al., 2006).
However, certain TP-containing proteins are diverted to the
outer or inner envelope membranes during translocation

through the import channels, suggesting that some additional information may override TP-mediated translocation
through the import channels into the chloroplast stroma
(Lee et al., 2017; Okawa et al., 2014; Viana et al., 2010).
Many studies have been conducted to elucidate the sequence information encoded by the TPs. Recent studies
clearly demonstrated that TPs contain TP-specific, critical
sequence motifs that are distributed throughout the entire
long region of the TP (Chotewutmontri et al., 2017; Lee et
al., 2006; 2008; 2009a; 2015). However, TPs show great
diversity in terms of primary structure (Lee et al., 2008;
2015; Li and Teng, 2013). Despite their sequence diversity,
certain features are common among the many TPs. First, in
general, moderate hydrophobicity at the N-terminal regions
of TPs is critical for their efficient import into chloroplasts
(Chotewutmontri and Bruce, 2015; Lee et al., 2006; 2008).
Moreover, the segment containing hydrophobic residues at
the N-termini of TPs is thought to be part of a sequence
motif recognized by stromal Hsp70, which is crucial for preprotein translocation into chloroplasts (Chotewutmontri and
Bruce, 2015; Chotewutmontri et al., 2012). Second, TPs
tend to have the basic residues Lys and Arg, but they lack
acidic residues in the middle of their sequences (Bruce,
2000). Substituting the basic residues in TPs with alanines or
acidic residues adversely affects preprotein import into chloroplasts, although the mechanism by which these basic residues contribute to their efficient import into chloroplasts is
largely unknown (Razzak et al., 2017). Third, TPs contain
numerous proline residues (Lee et al., 2018; Zybailov et al.,
2008). Prolines in TPs are thought to be important for the
unstructured nature of TPs by acting as helix breakers (Rensink et al., 2000). We recently obtained evidence that the
prolines in TPs are involved in a later step of protein import,
where they are crucial for efficient translocation through the
chloroplast envelope membranes (Lee et al., 2018). Fourth,
specific sequence motifs in TPs are recognized by cytosolic
AtHsc70-4, which mediates proteasomal degradation of
unimported preproteins in the cytosol to avoid cellular damage (Lee et al., 2009b; 2016). Finally, TPs contain specific
motifs for import regulation, depending on the age of the
plant (Teng et al., 2012). These findings suggest that the
unusually long TPs contain numerous sequence motifs that
support many steps involved in the long journey from the
cytosol to the chloroplast stroma, as well as motifs for cytosolic quality control and import regulation.

DESIGN PRINCIPLES OF DIVERSE TPs
As described above, a great deal of research has revealed
important information about the sequences of TPs. However,
there is still long-lasting confusion about the information
carried by TPs due to their high degree of sequence diversity.
Consistent with this observation, the sequence motifs in one
TP share little similarity with the sequence motifs in another
TP (Lee et al., 2008; 2015; Li and Teng, 2013). Thus, it is
important to explore what underlies such diversity in TPs and
how they function in protein import into chloroplasts. Li and
Teng (2013) proposed an interesting model for the design
principle of TPs explaining how diverse TPs might have been
Mol. Cells 2018; 41(3): 161-167 163
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generated and how they function. Consistent with this idea,
we showed that functional hybrid TPs could be generated
from the TPs of RbcS and Cab (chlorophyll a/b-binding protein). Thus, certain sequence motifs from one TP are fully
interchangeable with those from another TP despite the
difference in amino acid sequence (Lee et al., 2009a; 2015).
In addition, we showed that whether sequence motifs are
active depends on the overall context of the TPs; certain
sequence motifs were active in both the original and newly
generated hybrid TPs, whereas certain sequence motifs were
active in the original context but became inactive in hybrid
TPs, and vice versa. Moreover, we were able to generate a
fully functional synthetic TP by incorporating three motifs
from RbcS and Cab TPs into an N-terminal segment containing 80 amino acids from CPY (carboxypeptidase Y), a vacuolar protein (Lee et al., 2015). These results provide clues
about how diverse TPs arose during chloroplast evolution
and are consistent with the M&M (multi-selection and multiorder) model proposed by Li and Teng (2013). Based on
these observations and the M&M model, we propose a design principle for a functional TP: in terms of molecular machinery, one or more molecular components are necessary at
each step that are able to interact with multiple sequence
motifs; in terms of signal sequences, a TP should have at
least one binding site for each component for efficient im-

port, which can be generated through selective assembly of
multiple potential sequence motifs that can interact with
each component of the molecular machinery during each
step (Fig. 2) (Lee et al., 2015; Li and Teng, 2013). The presence of multiple components at a particular step and the
ability of components to interact with multiple sequence
motifs could underlie the diversity of TP sequences.

MOLECULAR MACHINERY THAT RECOGNIZES
THE TP DURING PROTEIN IMPORT INTO
CHLOROPLASTS
Many protein factors have been shown to play a role in protein import into chloroplasts. In the cytosol, Hsp90 and a
guidance complex composed of Hsp70 and 14-3-3 recognize TPs and facilitate protein targeting to chloroplasts (May
and Soll, 2000; Qbadou et al., 2006) (Fig. 1). Hsp70 and
Hsp90 differentially recognize various TPs and coordinate the
docking of preproteins to the Toc complex (May and Soll,
2000; Qbadou et al., 2006). In addition, Hsc70-4 and AtBAG 1 (Arabidopsis thaliana Bcl2-associated athanogene 1)
play important roles in preventing the accumulation of unimported precursors in the cytosol via the ubiquitinmediated 26S proteasome pathway (Lee et al., 2009b;
2016). AtHsc70-4 specifically binds to the sequence motifs

Fig. 2. Design principle of the diverse transit peptides. During chloroplast evolution, the diverse transit peptides (TPs) might have arisen
via selective assembly of a large pool of potential motifs responsible for the interaction with import factors that function at various steps
in the import process in the cytosol and at the chloroplast. We propose that one or multiple molecular factors are involved in each step
of protein import and that each of these factors is able to interact with multiple motifs.
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in the TP (Lee et al., 2009b). At the chloroplast surface,
GTPases and Toc64 function as import receptors of preproteins. GTPases can be divided into two families, Toc159 and
Toc34. Arabidopsis contains multiple isoforms in both the
Toc34 and Toc159 families; the Toc159 family comprises
AtToc159, AtToc132, AtToc120, and AtToc90, and the
Toc34 family comprises AtToc33 and AtToc34 (Constan et al.,
2004; Ivanova et al., 2004; Kubis et al., 2004). These import
receptors also recognize specific sequence motifs at the TP
(Fig. 1) (Chotewutmontri et al., 2012; Holbrook et al., 2016;
Lee et al., 2009a). The β-barrel protein, Toc75, functions as a
translocation channel at the outer envelope membrane. TPs
that translocate through the Toc75 channel are recognized
by the polypeptide transport-associated (POTRA) domains of
Toc75 at the intermembrane space (Fig. 1), which coordinates the transfer of TPs to the Tic complex located at the
inner envelope membrane (Paila et al., 2016). The exact
nature of the Tic translocon remains controversial. However,
Tic20 is generally regarded as the major translocation channel at the inner envelope of the chloroplast (de Vries et al.,
2015; Kikuchi et al., 2009; 2013; Nakai, 2015). In the stroma, multiple chaperones such as cpHsc70, Hsp93, and
Hsp90C pull preproteins into the chloroplast (Fig. 1) (Inoue
et al., 2013; Liu et al., 2014; Su and Li, 2010). The multiple
proline residues in TPs may be recognized by these chaperones for efficient translocation through the outer and inner
import channels (Lee et al., 2018). Another important factor
is SPP, which cleaves off the TP during or after translocation
(Richter and Lamppa, 1999; Trosch and Jarvis, 2011).

90% of organellar proteins are imported from the cytosol
after translation. Like chloroplast proteins, most mitochondrial preproteins also contain a long, cleavable N-terminal
signal sequence, termed the presequence (Lee et al., 2012).
Moreover, presequences and TPs have similar amino acid
compositions, including a high degree of hydroxylated amino acids, high proline residue contents, and a lack of acidic
residues (Bhushan et al., 2006). Of course, presequences
differ from TPs in some ways, such as their high propensity
to form an amphiphilic α-helical structure (Abe et al., 2000).
It is currently unclear how the targeting mechanisms of chloroplast and mitochondrial proteins have become similar to
each other. One possibility is that evolutionary interactions
occurred between the two organelles during the development of the targeting mechanisms; the targeting mechanisms of the organelle that evolved earlier might have contributed to those of the other organelle. These issues need to
be addressed in the future to fully understand how proteins
are specifically targeted to chloroplasts by TPs.

CONCLUSION
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