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Although the chloroplasts in plants are characterized by an inherent genome, the chloroplast proteome is composed of proteins encoded by not only the chloroplast genome but also the nuclear genome. Nuclear-encoded chloroplast proteins are synthesized on cytosolic ribosomes and post-translationally targeted to the chloroplasts. In the latter process, an N-terminal cleavable transit peptide serves as a targeting signal required for the import of nuclear-encoded chloroplast interior proteins. This import process is mediated via an interaction between the sequence motifs in transit peptides and the components of the TOC/TIC (translocon at the outer/inner envelope of chloroplasts) translocons. Despite a considerable diversity in primary structures, several common features have been identified among transit peptides, including N-terminal moderate hydrophobicity, multiple proline residues dispersed throughout the transit peptide, preferential usage of basic residues over acidic residues, and an absence of N-terminal arginine residues. In this review, we will recapitulate and discuss recent progress in our current understanding of the functional organization of sequence elements commonly present in diverse transit peptides, which are essential for the multi-step import of chloroplast proteins.
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INTRODUCTION

The chloroplast, a type of plastid, is an organelle uniquely present in plants and is believed to have been derived via the endosymbiosis of ancient cyanobacteria (Dyall et al., 2004; Zimorski et al., 2014; Lee and Hwang, 2021). During the subsequent evolution of chloroplasts as subcellular organelles, more than 90% of the original cyanobacterial genes were transferred to the host nuclear genome (Ponce-Toledo et al., 2019). Consequently, both chloroplastic and nuclear genome systems now contribute to assembly of the chloroplast proteome in plants. Most of the nuclear-encoded chloroplast proteins are synthesized on cytosolic ribosomes and targeted to chloroplasts post-translationally (Inaba and Schnell, 2008; Li and Chiu, 2010; Lee et al., 2013). These nuclear-encoded chloroplast proteins can be broadly categorized based on their sub-organellar locations. Proteins localized to the outer membrane of chloroplasts are primarily inserted directly into the outer membrane from the cytosol, with a few exceptions (Lee et al., 2014, 2017; Day et al., 2019; Gross et al., 2021). However, most chloroplast interior proteins, which are localized to the inner membrane, stroma, or thylakoids, are imported into chloroplasts in a process mediated by the TOC/TIC (translocon at the outer/inner envelope of chloroplasts) translocons (Li and Chiu, 2010; Richardson et al., 2017, 2018). The chloroplast interior proteins are characterized by the presence of N-terminal cleavable targeting signals, called transit peptides (Bruce, 2000; Lee and Hwang, 2018), one of the hallmarks of which is the considerable diversity in their primary structure (Bruce, 2000; Lee et al., 2008, 2015; Li and Teng, 2013). It has previously been proposed that these diverse transit peptides might have been generated via the selective assembly of short sequence motifs that are critical for interactions with the components of the TOC/TIC translocons (Li and Teng, 2013; Lee et al., 2015; Lee and Hwang, 2018). Indeed, it has been established that different transit peptides contain distinct sequence motifs that play vital roles during the multi-step import process (Lee et al., 2006, 2008; Li and Teng, 2013; Lee and Hwang, 2018). Moreover, a previous study indicated that diverse transit peptides can be classified into multiple subgroups based on their sequence motifs (Lee et al., 2008).

Conversely, in addition to the inherent diversity of transit peptides, recent studies have revealed the presence of common sequence elements among different chloroplast transit peptides. In this review, we will discuss how these common features contribute to the appropriate functioning of transit peptides and provide an overview of the organization of these sequence features in transit peptides.



SEQUENCE MOTIFS IN THE RUBISCO SMALL SUBUNIT TRANSIT PEPTIDE AS A MODEL SYSTEM

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is acknowledged to be the most abundant protein in nature, accounting for approximately 30% of total leaf proteins (Jensen, 2000). As an enzyme that is prominently involved in CO2 fixation, Rubisco plays a central role in photosynthesis. The Rubisco complex comprises the Rubisco small subunit (RbcS) and Rubisco large subunit. Within the chloroplast stroma, the Rubisco large subunit produced in the chloroplast is assembled with the RbcS that is encoded in the nuclear genome and imported into the chloroplasts via the TOC/TIC translocons (Lee et al., 2006; Chotewutmontri et al., 2012; Holbrook et al., 2016). Given the abundance and essential roles of the RbcS in chloroplasts, the mechanisms underlying the import of RbcS have been extensively studied in several species as a representative chloroplast cargo protein, thereby providing a new perspective regarding our understanding of chloroplast biogenesis (Karlin-Neumann and Tobin, 1986; Reiss et al., 1987; Becker et al., 2004; Smith et al., 2004; Lee et al., 2006, 2015; Chotewutmontri et al., 2012; Holbrook et al., 2016; Richardson et al., 2018; Chen et al., 2019).

Early attempts to elucidate the organization of the RbcS transit peptide led to the conclusion that it contains multiple domains that play important roles during protein import into chloroplasts (Karlin-Neumann and Tobin, 1986; von Heijne et al., 1989; Bruce, 2001; Becker et al., 2004). Subsequently, extensive mutagenesis analysis of the Arabidopsis RbcS transit peptide revealed the presence of distinct sequence motifs, each of which proved to be essential for the correct cytosolic navigation, chloroplast binding, or translocation of chloroplast preproteins across the envelope membranes (Lee et al., 2006; Figure 1). Among these sequences, the sequence motif FP/RK was identified as the most important with respect to the efficient targeting of proteins to the chloroplasts (Figure 1). Furthermore, this motif has been established to be fully functional in sequence contexts other than that of RbcS transit peptides (Lee et al., 2015), and has been shown to facilitate the import of preproteins with less-efficient transit peptides (Lee et al., 2009; Razzak et al., 2017). Interestingly, the findings of a site-specific cross-linking approach have indicated that the segment encompassing this motif displays a strong cross-linking patterns with not only the TOC translocon, but also Tic20, which functions as a translocation channel in the TIC translocon, thereby indicating that the FP/RK motif plays an essential role in protein translocation across TOC/TIC translocons (Richardson et al., 2018; Figure 1).
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FIGURE 1. Sequence motifs in the Rubisco small subunit transit peptide. Among the sequence motifs in the Rubisco small subunit (RbcS) transit peptide, the motifs, MLM, FNGLK, and FP/RK have been extensively characterized. The MLM motif is vital not only for cytosolic navigation, but also for translocation across chloroplast membranes, by interacting with stromal Hsp70. The FNGLK and FP/RK motifs have been demonstrated to mediate chloroplast binding via interactions with Toc34. The segment containing the FP/RK motif lies in close proximity to the TOC/TIC translocons during preprotein translocation, which may be essential for the efficient translocation of RbcS. TP, transit peptide; OM, outer membrane; IMS, intermembrane space; IM, inner membrane.


Another study identified the presence of a semi-conserved motif, FGLK, to be crucial for the interaction with TOC34 (Chotewutmontri et al., 2012; Holbrook et al., 2016; Figure 1). Together with TOC159, TOC34 is assumed to function as a receptor for chloroplast transit peptides on the outer membrane. Although the RbcS transit peptide of Chlamydomonas reinhardtii, a unicellular lower eukaryote, also has sequence motifs partially homologous to the Arabidopsis FNGLK and FP/RK motifs, this algal transit peptide proved to be non-functional when examined in Arabidopsis protoplasts (Razzak et al., 2017). Interestingly, the restoration of Arabidopsis FNGLK and FP/RK motifs in the Chlamydomonas RbcS transit peptide was found to markedly enhance the delivery of GFP (green fluorescent protein) to chloroplasts in Arabidopsis protoplasts (Razzak et al., 2017). Moreover, a synthetic transit peptide, in which the FNGLK and FP/RK motifs of the Arabidopsis RbcS transit peptide were incorporated, was demonstrated to deliver a vacuolar protein to chloroplasts, thereby confirming the importance of these motifs in chloroplast protein targeting (Lee et al., 2015).

A further important feature of the RbcS transit peptide sequence is its N-terminal hydrophobicity. The N-terminal region of transit peptides is characterized by a higher proportion of hydroxylated amino acids, such as serine or threonine, than that of hydrophobic amino acids (Zybailov et al., 2008). However, it has been found that when hydroxylated residues in the N-terminal region of the RbcS transit peptide are substituted with alanines, there is no corresponding perturbation of protein import into chloroplasts (Lee et al., 2006). Contrastingly, hydrophobic residues in the N-terminal region of the RbcS transit peptide (MLM motif) have been established to be essential for protein targeting from the cytosol to the chloroplasts (Lee et al., 2006; Figure 1). Moreover, this region has also been proposed to function in preprotein translocation across the chloroplast membranes by interacting with stromal Hsp70, an ATP-driven molecular motor protein (Chotewutmontri and Bruce, 2015; Figure 1).

Collectively, we have accumulated considerable knowledge regarding the organization of sequence motifs in RbcS transit peptides, which will help in elucidating the import mechanisms of chloroplast proteins and in designing more efficient transit peptides to deliver proteins into the chloroplast.



SEQUENCE FEATURES REQUIRED FOR CHLOROPLAST-SPECIFIC TARGETING

The mitochondrion, another example of an endosymbiotic organelle, is universally present in all eukaryotic cells and is believed to have evolved prior to the chloroplast (Dyall et al., 2004). Interestingly, the protein import mechanisms of these two endosymbiotic organelles are remarkably similar, implying that plant cells possess appropriate sorting mechanisms that facilitate the site-specific targeting of proteins to chloroplasts and mitochondria (Schleiff and Becker, 2011; Lee and Hwang, 2021). A recent study accordingly sought to elucidate the putative mechanisms underlying the specificity of chloroplastic and mitochondrial protein targeting, by constructing several hybrid targeting signals consisting of segments derived from both chloroplast transit peptides and mitochondrial presequences (Lee et al., 2019). On the basis of the observed import behaviors of GFP-fused hybrid targeting signals, a simple but sophisticated principle has been deduced. Both transit peptides and presequences comprise two domains, one of which is the N-terminal specificity domain, which determines specific targeting to chloroplasts or mitochondria, and the other is the C-terminal translocation domain, which is interchangeable between the transit peptide and presequence (Lee et al., 2019; Lee and Hwang, 2021).

With regard to the common features of the N-terminal specificity domain of transit peptides, as stated in the previous section, the moderate hydrophobicity of the N-terminal region of transit peptides is critical for efficient protein import into chloroplasts. Contrastingly, however, the findings of numerous previous studies have indicated that the N-terminal region of mitochondrial presequences contains multiple arginine residues (Bhushan et al., 2006; Huang et al., 2009; Ge et al., 2014; Garg and Gould, 2016; Lee et al., 2020; Figure 2A). Surprisingly, the removal of these multiple arginine residues was sufficient to switch the final destination of cargo proteins from mitochondria to chloroplasts (Lee et al., 2019, 2020; Lee and Hwang, 2021; Figure 2A). Moreover, although mitochondrial presequences obtained from fungi and humans, which lack chloroplasts, have no need of a mechanism that discriminates between chloroplast and mitochondrial proteins, they could deliver GFP to chloroplasts when multiple arginines in the N-terminal region were substituted with alanines (Lee et al., 2020). These observations clearly indicate that the multiple arginine residues in mitochondrial presequences play a vital role in evading chloroplast targeting.
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FIGURE 2. Common characteristics of different transit peptides. (A) Multiple arginine residues in the N-terminal region of targeting signals function as a chloroplast evasion signal. Removal of the arginine residues from the N-terminal region of mitochondrial presequences is sufficient to switch the final destination of proteins from the mitochondria to chloroplasts. (B) Multiple proline residues in transit peptides are essential for preprotein translocation into chloroplasts. In the case of soluble stromal proteins, preproteins with proline-less transit peptides are trapped within the TOC/TIC translocons, whereas for transmembrane domain (TMD)-containing chloroplast internal proteins, the preproteins are laterally inserted into the chloroplast outer membrane when the preproteins harbor proline-less transit peptides. TP, transit peptide; OM, outer membrane; IMS, intermembrane space; IM, inner membrane; TMD, transmembrane domain.




THE ROLES OF PROLINE AND BASIC AMINO ACID RESIDUES COMMONLY PRESENT IN DIVERSE TRANSIT PEPTIDES

Despite the considerable diversity among the primary structures of transit peptides, there are certain amino acids that are preferentially incorporated into the transit peptides. Among these, the roles of multiple proline residues (which are commonly present in transit peptides) in chloroplast targeting have recently been investigated (Lee et al., 2018). Proline is a unique amino acid in that it breaks the local secondary structure, thereby conferring an unstructured property to polypeptides such as transit peptides (Guzzo, 1965). Interestingly, whereas chloroplast preproteins containing proline-less transit peptides show no defects in early cytosolic steps, their translocation into chloroplasts is typically compromised (Lee et al., 2018). In this regard, the fate of unimported preproteins harboring proline-less mutant transit peptides has been found to differ depending on the characteristics of preproteins. In the case of soluble stromal proteins, unimported precursors have been found to be trapped within the TOC/TIC translocons (Figure 2B). Contrastingly, preproteins harboring hydrophobic transmembrane domain(s), such as Tic110 and Tha4 (thylakoid assembly-4), and thus destined for the inner membrane and thylakoid membrane, respectively, have been found to be integrated into the outer membrane when the transit peptides lacked proline residues (Lee et al., 2018; Figure 2B). This aberrant insertion appears to occur during preprotein translocation through the Toc75 channel via lateral insertion, as opposed to direct insertion from the cytosol. Notably, it was found that in the wild-type cells, the behavior of Tha4 with a proline-less transit peptide was practically similar to that of Tha4 with a proline-rich transit peptide in hsp93-V mutant cells (Lee et al., 2018). Given that the translocation of preproteins is compromised in the hsp93-V mutant, these observations provide further evidence in support of the crucial role of proline residues in preprotein translocation (Lee et al., 2015, 2018; Huang et al., 2016).

Unlike the TOM/TIM (translocase of the outer/inner membrane) translocons in the mitochondria, TOC/TIC translocons in the chloroplasts can translocate small fully folded preproteins (Ganesan et al., 2018). Even a precursor with aggregation-prone GFP[V29A], a variant of GFP, was observed to be efficiently imported into chloroplasts, which was mediated by proline-rich transit peptides (Lee et al., 2018). However, the GFP[V29A] harboring a proline-less transit peptide was found to be aggregated to a greater extent, thereby markedly compromising translocation (Lee et al., 2018). Collectively, the aforementioned observations provide compelling evidence to indicate the essential roles of multiple proline residues in transit peptides, with respect to efficient translocation of chloroplast proteins, particularly hydrophobic TMD-containing or aggregation-prone proteins.

A further common feature of different transit peptides is their preference for positively charged basic residues over negatively charged acidic residues (Bhushan et al., 2006; Zybailov et al., 2008). Indeed, it has been shown that substitution of basic residues in some transit peptides with acidic residues markedly disrupts protein import into chloroplasts (Razzak et al., 2017; Lee and Hwang, 2019). Other studies have demonstrated that a sequence motif, consisting of two consecutive basic residues, and thus referred to as a twin-positive motif, play a role in specifically facilitating the import of plastid preproteins into leucoplasts, another type of plastid (Teng et al., 2012; Chu et al., 2020). Furthermore, recent in silico analysis of 1,153 Arabidopsis plastid proteins revealed that the presence of these twin-positive motifs is significantly correlated with a higher protein abundance in root leucoplasts (Chu et al., 2020).



CONCLUSION AND FUTURE PERSPECTIVES

We have now begun to understand the complex nature of the diverse range of chloroplast transit peptides. Transit peptides may have been generated via the assembly of distinct sequence motifs, each playing a pivotal role during interactions with the components of the TOC/TIC translocons, either sequentially or in concert. In addition to the specific short sequence motifs, there are several common sequence elements that make an essential contribution to the functionality of transit peptides. These include a lack of arginine residues in the N-terminal region, the presence of multiple proline residues, and the preferential usage of positively charged basic residues. In the future, it will be necessary to investigate how these common features coordinate the interactions of preproteins with the TOC/TIC translocons to facilitate the efficient import of proteins into chloroplasts.



AUTHOR CONTRIBUTIONS

DL and IH conceived this review article. JJ, DL, and IH participated in the writing of the manuscript. JJ prepared the figures. All authors contributed to the article and approved the submitted version.



FUNDING

DL has been supported by an NRF grant funded by the MSIT (grant NRF-2020R1A2C4002294) and a grant from Chonnam National University (2021–2118). IH has been supported by a National Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT; No. 2019R1A2B5B03099982).



ACKNOWLEDGMENTS

We would like to thank Editage (www.editage.co.kr) for English language editing.



REFERENCES

 Becker, T., Jelic, M., Vojta, A., Radunz, A., Soll, J., and Schleiff, E. (2004). Preprotein recognition by the Toc complex. EMBO J. 23, 520–530. doi: 10.1038/sj.emboj.7600089 

 Bhushan, S., Kuhn, C., Berglund, A. K., Roth, C., and Glaser, E. (2006). The role of the N-terminal domain of chloroplast targeting peptides in organellar protein import and miss-sorting. FEBS Lett. 580, 3966–3972. doi: 10.1016/j.febslet.2006.06.018 

 Bruce, B. D. (2000). Chloroplast transit peptides: structure, function and evolution. Trends Cell Biol. 10, 440–447. doi: 10.1016/S0962-8924(00)01833-X 

 Bruce, B. D. (2001). The paradox of plastid transit peptides: conservation of function despite divergence in primary structure. Biochim. Biophys. Acta 1541, 2–21. doi: 10.1016/s0167-4889(01)00149-5 

 Chen, L., Wang, X., Wang, L., Fang, Y., Pan, X., Gao, X., et al. (2019). Functional characterization of chloroplast transit peptide in the small subunit of Rubisco in maize. J. Plant Physiol. 237, 12–20. doi: 10.1016/j.jplph.2019.04.001 

 Chotewutmontri, P., and Bruce, B. D. (2015). Non-native, N-terminal Hsp70 molecular motor recognition elements in transit peptides support plastid protein translocation. J. Biol. Chem. 290, 7602–7621. doi: 10.1074/jbc.M114.633586 

 Chotewutmontri, P., Reddick, L. E., Mcwilliams, D. R., Campbell, I. M., and Bruce, B. D. (2012). Differential transit peptide recognition during preprotein binding and translocation into flowering plant plastids. Plant Cell 24, 3040–3059. doi: 10.1105/tpc.112.098327 

 Chu, C. C., Swamy, K., and Li, H. M. (2020). Tissue-specific regulation of plastid protein import via transit-peptide motifs. Plant Cell 32, 1204–1217. doi: 10.1105/tpc.19.00702 

 Day, P. M., Inoue, K., and Theg, S. M. (2019). Chloroplast outer membrane beta-barrel proteins use components of the general import apparatus. Plant Cell 31, 1845–1855. doi: 10.1105/tpc.19.00001 

 Dyall, S. D., Brown, M. T., and Johnson, P. J. (2004). Ancient invasions: from endosymbionts to organelles. Science 304, 253–257. doi: 10.1126/science.1094884 

 Ganesan, I., Shi, L. X., Labs, M., and Theg, S. M. (2018). Evaluating the functional pore size of chloroplast TOC and TIC protein translocons: import of folded proteins. Plant Cell 30, 2161–2173. doi: 10.1105/tpc.18.00427 

 Garg, S. G., and Gould, S. B. (2016). The role of charge in protein targeting evolution. Trends Cell Biol. 26, 894–905. doi: 10.1016/j.tcb.2016.07.001 

 Ge, C., Spanning, E., Glaser, E., and Wieslander, A. (2014). Import determinants of organelle-specific and dual targeting peptides of mitochondria and chloroplasts in Arabidopsis thaliana. Mol. Plant 7, 121–136. doi: 10.1093/mp/sst148 

 Gross, L. E., Klinger, A., Spies, N., Ernst, T., Flinner, N., Simm, S., et al. (2021). Insertion of plastidic beta-barrel proteins into the outer envelopes of plastids involves an intermembrane space intermediate formed with Toc75-V/OEP80. Plant Cell 33, 1657–1681. doi: 10.1093/plcell/koab052 

 Guzzo, A. V. (1965). The influence of amino-acid sequence on protein structure. Biophys. J. 5, 809–822. doi: 10.1016/S0006-3495(65)86753-4 

 Holbrook, K., Subramanian, C., Chotewutmontri, P., Reddick, L. E., Wright, S., Zhang, H., et al. (2016). Functional analysis of semi-conserved transit peptide motifs and mechanistic implications in precursor targeting and recognition. Mol. Plant 9, 1286–1301. doi: 10.1016/j.molp.2016.06.004 

 Huang, P. K., Chan, P. T., Su, P. H., Chen, L. J., and Li, H. M. (2016). Chloroplast Hsp93 directly binds to transit peptides at an early stage of the preprotein import process. Plant Physiol. 170, 857–866. doi: 10.1104/pp.15.01830 

 Huang, S. B., Taylor, N. L., Whelan, J., and Millar, A. H. (2009). Refining the definition of plant mitochondrial presequences through analysis of sorting signals, N-terminal modifications, and cleavage motifs. Plant Physiol. 150, 1272–1285. doi: 10.1104/pp.109.137885 

 Inaba, T., and Schnell, D. J. (2008). Protein trafficking to plastids: one theme, many variations. Biochem. J. 413, 15–28. doi: 10.1042/BJ20080490 

 Jensen, R. G. (2000). Activation of Rubisco regulates photosynthesis at high temperature and CO2. Proc. Natl. Acad. Sci. U. S. A. 97, 12937–12938. doi: 10.1073/pnas.97.24.12937 

 Karlin-Neumann, G. A., and Tobin, E. M. (1986). Transit peptides of nuclear-encoded chloroplast proteins share a common amino acid framework. EMBO J. 5, 9–13. doi: 10.1002/j.1460-2075.1986.tb04170.x 

 Lee, D. W., and Hwang, I. (2018). Evolution and design principles of the diverse chloroplast transit peptides. Mol. Cell 41, 161–167. doi: 10.14348/molcells.2018.0033 

 Lee, D. W., and Hwang, I. (2019). Protein import into chloroplasts via the Tic40-dependent and -independent pathways depends on the amino acid composition of the transit peptide. Biochem. Biophys. Res. Commun. 518, 66–71. doi: 10.1016/j.bbrc.2019.08.009 

 Lee, D. W., and Hwang, I. (2021). Understanding the evolution of endosymbiotic organelles based on the targeting sequences of organellar proteins. New Phytol. 230, 924–930. doi: 10.1111/nph.17167 

 Lee, D. W., Jung, C., and Hwang, I. (2013). Cytosolic events involved in chloroplast protein targeting. Biochim. Biophys. Acta 1833, 245–252. doi: 10.1016/j.bbamcr.2012.03.006 

 Lee, D. W., Kim, J. K., Lee, S., Choi, S., Kim, S., and Hwang, I. (2008). Arabidopsis nuclear-encoded plastid transit peptides contain multiple sequence subgroups with distinctive chloroplast-targeting sequence motifs. Plant Cell 20, 1603–1622. doi: 10.1105/tpc.108.060541 

 Lee, D. W., Lee, J., and Hwang, I. (2017). Sorting of nuclear-encoded chloroplast membrane proteins. Curr. Opin. Plant Biol. 40, 1–7. doi: 10.1016/j.pbi.2017.06.011 

 Lee, D. W., Lee, S., Lee, G. J., Lee, K. H., Kim, S., Cheong, G. W., et al. (2006). Functional characterization of sequence motifs in the transit peptide of Arabidopsis small subunit of rubisco. Plant Physiol. 140, 466–483. doi: 10.1104/pp.105.074575 

 Lee, D. W., Lee, S., Lee, J., Woo, S., Razzak, M. A., Vitale, A., et al. (2019). Molecular mechanism of the specificity of protein import into chloroplasts and mitochondria in plant cells. Mol. Plant 12, 951–966. doi: 10.1016/j.molp.2019.03.003 

 Lee, D. W., Lee, S., Min, C. K., Park, C., Kim, J. M., Hwang, C. S., et al. (2020). Cross-species functional conservation and possible origin of the N-terminal specificity domain of mitochondrial presequences. Front. Plant Sci. 11:64. doi: 10.3389/fpls.2020.00064 

 Lee, D. W., Lee, S., Oh, Y. J., and Hwang, I. (2009). Multiple sequence motifs in the rubisco small subunit transit peptide independently contribute to Toc159-dependent import of proteins into chloroplasts. Plant Physiol. 151, 129–141. doi: 10.1104/pp.109.140673 

 Lee, D. W., Woo, S., Geem, K. R., and Hwang, I. (2015). Sequence motifs in transit peptides act as independent functional units and can be transferred to new sequence contexts. Plant Physiol. 169, 471–484. doi: 10.1104/pp.15.00842 

 Lee, D. W., Yoo, Y. J., Razzak, M. A., and Hwang, I. (2018). Prolines in transit peptides are crucial for efficient preprotein translocation into chloroplasts. Plant Physiol. 176, 663–677. doi: 10.1104/pp.17.01553 

 Lee, J., Kim, D. H., and Hwang, I. (2014). Specific targeting of proteins to outer envelope membranes of endosymbiotic organelles, chloroplasts, and mitochondria. Front. Plant Sci. 5:173. doi: 10.3389/fpls.2014.00173 

 Li, H. M., and Chiu, C. C. (2010). Protein transport into chloroplasts. Annu. Rev. Plant Biol. 61, 157–180. doi: 10.1146/annurev-arplant-042809-112222 

 Li, H. M., and Teng, Y. S. (2013). Transit peptide design and plastid import regulation. Trends Plant Sci. 18, 360–366. doi: 10.1016/j.tplants.2013.04.003 

 Ponce-Toledo, R. I., Lopez-Garcia, P., and Moreira, D. (2019). Horizontal and endosymbiotic gene transfer in early plastid evolution. New Phytol. 224, 618–624. doi: 10.1111/nph.15965 

 Razzak, M. A., Lee, D. W., Yoo, Y. J., and Hwang, I. (2017). Evolution of rubisco complex small subunit transit peptides from algae to plants. Sci. Rep. 7:9279. doi: 10.1038/s41598-017-09473-x 

 Reiss, B., Wasmann, C. C., and Bohnert, H. J. (1987). Regions in the transit peptide of SSU essential for transport into chloroplasts. Mol. Gen. Genet. 209, 116–121. doi: 10.1007/BF00329845 

 Richardson, L. G. L., Singhal, R., and Schnell, D. J. (2017). The integration of chloroplast protein targeting with plant developmental and stress responses. BMC Biol. 15:118. doi: 10.1186/s12915-017-0458-3 

 Richardson, L. G. L., Small, E. L., Inoue, H., and Schnell, D. J. (2018). Molecular topology of the transit peptide during chloroplast protein import. Plant Cell 30, 1789–1806. doi: 10.1105/tpc.18.00172 

 Schleiff, E., and Becker, T. (2011). Common ground for protein translocation: access control for mitochondria and chloroplasts. Nat. Rev. Mol. Cell Biol. 12, 48–59. doi: 10.1038/nrm3027 

 Smith, M. D., Rounds, C. M., Wang, F., Chen, K., Afitlhile, M., and Schnell, D. J. (2004). atToc159 is a selective transit peptide receptor for the import of nucleus-encoded chloroplast proteins. J. Cell Biol. 165, 323–334. doi: 10.1083/jcb.200311074 

 Teng, Y. S., Chan, P. T., and Li, H. M. (2012). Differential age-dependent import regulation by signal peptides. PLoS Biol. 10:e1001416. doi: 10.1371/journal.pbio.1001416 

 Von Heijne, G., Steppuhn, J., and Herrmann, R. G. (1989). Domain structure of mitochondrial and chloroplast targeting peptides. Eur. J. Biochem. 180, 535–545. doi: 10.1111/j.1432-1033.1989.tb14679.x

 Zimorski, V., Ku, C., Martin, W. F., and Gould, S. B. (2014). Endosymbiotic theory for organelle origins. Curr. Opin. Microbiol. 22, 38–48. doi: 10.1016/j.mib.2014.09.008 

 Zybailov, B., Rutschow, H., Friso, G., Rudella, A., Emanuelsson, O., Sun, Q., et al. (2008). Sorting signals, N-terminal modifications and abundance of the chloroplast proteome. PLoS One 3:e1994. doi: 10.1371/journal.pone.0001994 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Jeong, Hwang and Lee. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Functional Organization of Sequence Motifs in Diverse Transit Peptides of Chloroplast Proteins



		Introduction



		Sequence Motifs in the Rubisco Small Subunit Transit Peptide as a Model System



		Sequence Features Required for Chloroplast-Specific Targeting



		The Roles of Proline and Basic Amino Acid Residues Commonly Present in Diverse Transit Peptides



		Conclusion and Future Perspectives



		Author Contributions



		Funding



		Acknowledgments



		References



















OPS/images/fphys-12-795156-g001.jpg
¢S transit peptide: MASSMLSSATMVASPAQATMVAPFNGLKSSA AFPATRKANNDITSITSNGGRVNCMQVWPPIGKKKFETLSYLPDLTDS

Cytosol OM IMs M Stroma

Cytosolic navigation

<Ribosome>
N
%’ Chloroplast binding

Cytosol OM IMs 1M _Stroma

Translocation

Stromal
Hsp70.





OPS/images/fphys-12-795156-g002.jpg
Presequence  N| MumiR c Mitochondria

[ -

N [Moderate nyarophobicity |G — Choroplast

(Stromal proteins) (TMD-containing chloroplast interior proteins)

Cytosol Stroma

OM MS M Stroma T [ Froron |

oM ms

Cytosol

Thylakoid
membrane
protein

Inner
membrane
protein





OPS/images/cover.jpg
’ frontiers
in Physiology

Functional Organization of Sequence
Motifs in Diverse Transit Peptides of
Chloroplast Proteins









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Physiology





