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Abstract

The chloroplast is a complex subcellular organelle composed of three membrane systems
and three soluble compartments. Reflecting its endosymbiotic origin, it is enclosed by two
envelope membranes: the outer and inner membranes. While most outer membrane
proteins are directly inserted from the cytosol, nearly all inner membrane proteins are first
imported into the chloroplast through the translocons at the outer and inner envelope
membranes of chloroplasts (TOC and TIC complexes). During translocation through the TIC
complex, some inner membrane proteins are laterally inserted into the inner membrane via
the stop-transfer pathway. In contrast, others are fully imported into the stroma and
subsequently inserted into the inner membrane through the post-import pathway. In this
review, We summarize the overall process of protein import into chloroplasts and highlight
recent advances in understanding the mechanisms that govern the targeting and membrane
insertion of chloroplast inner membrane proteins.
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Fig. 1. Targeting of proteins to chloroplasts. Most chloroplast proteins are encoded in the nuclear
genome, synthesized on cytosolic ribosomes, and posttranslationally targeted to chloroplasts. Interior
chloroplast proteins carry an N-terminal transit peptide as a targeting signal and are imported
through the TOC/TIC complexes. After import, proteins are sorted to the stroma, thylakoid membrane,
or inner envelope membrane depending on their specific targeting information. TP, transit peptide;
OM, outer membrane; IM, inner membrane; TOC/TIC, translocon at the outer/inner envelope of
chloroplasts.
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Fig. 2. Four examples of chloroplast inner membrane proteins. Most chloroplast inner membrane
proteins contain an N-terminal transit peptide required for translocation through the TOC/TIC
complexes. Following the ftransit peptide, these proteins possess one or more transmembrane
domains that mediate their insertion into the inner membrane. Each inner membrane protein exhibits
its own characteristic number, position, and topology of transmembrane domains. TP, transit
peptide; APG1, albino or pale green mutant 1; TMD, transmembrane domain; TOC/TIC, translocon
at the outer/inner envelope of chloroplasts.
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Fig. 3. Two pathways for the insertion of chloroplast inner membrane proteins. (A) Some inner
membrane proteins are fully imported into the stroma and subsequently inserted into the inner
membrane, a process in which TIC40 and the SEC2 translocase are thought to be involved. This
mechanism is known as the post-import pathway. (B) In contrast, other inner membrane proteins
are inserted into the inner membrane via the stop-transfer pathway. In this pathway, their transmem-
brane domains (TMDs) are believed to be laterally released from the TIC20 channel into the inner
membrane. The stop-transfer pathway is considered the default mechanism for inner membrane
protein insertion. SPP, stromal processing peptidase; TOC/TIC, translocon at the outer/inner
envelope of chloroplasts.
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b TP A EE o]8sto] TRl swapping EAH0| constructs® ARSIAS. 1 & in vitro
import ¥ 8 A¥S Foto], TMDL] A{Fo] Wt € thylakoid Bt Teize] A 2 ARl
= A2 W17,

3. OFx| AX[X| 42 EEA| L9} THHEO 0|F X A 7|%

2599 TMDE Ad o Tia 2 Az 72k 4=8/49] 3goflAf= misfoldinge] Foiut Tl
A9 S (aggregation) = LY F= QUL of= AlEof| HZSE 5 AT 5= itk AEA
9 A2 849 ARES AH AFAR olsslor sh=t, ©] ZFollA TMD7} AladofAf
Ads] HoxR] ghod HEARS JAQl ofs Aol B A= AT & Aok A=
HEA AL AlzAofA9] o5 7|&to] thsfiA Beks] ezl vzt gtk 5 TRt HEA|
il AE3} Ao YXJ5k= chaperone T 7Ho] A5&g 2|1 HEA| Thlida} Ao
A 5248t HA]9] cytosolic factorgs &7g0k= IS B, of TlES ZE3H Tiekst
FEA ALY AZAA Y olF 712 FES art Utk

g Tl o] TMD= A4d9] A1 whof] AQlsl=t] W2 4<%, insertase® 7]50k= 2edd
9] T Hho} AJErh HEHoE AxA uro2o] chula 4] 7]|&o] thgt Al HWHhstA
o|FojHtH18]. SFARE of2] AEA| Wuto]] EAf5k= insertase TEE-S Hs| 5785 vi7f gict.
QFA] 913t SEC2 translocase?] insertaseZA9] 7FsAS ASR= 79} gEo] 719l
insertase W4 SAESS 5740k= A7 B8 20 R wekErh

opRgre 2 A=A Wotoll= single-TMD7} obd t29] TMDE Al'd multi-pass 9 TS
o] R ¥ QIcKFig. 2). 2%A9] ¢ multi-pass B ©HZEE signal recognition particle
EHAE A 02 TMDE Q14]sto] 1oz 4RJAI7]= 7|&to] BE|QIARE ofd] tE A7)
A& oleh TH 717to] FEEA] g2 Aol 3 TS Boll, A WolA t=e] TMD
52 984 WeE AdA7lE 717 2 TMD7F A== B d(topology)E AAsh= 712l

et A7 49T wast 9de Aoz Amst
a4

QAL 42 199 4730 A YIS TSk Aol 7149 Wk W Aol W
Brhas 471gol, tebd @SRl wa e 450 A4 9 A=e] A go] A
9Ick. AEAE A A KT JAT, GSAC) WS SolA wEE A sh ehje)

Ao 14, o), T2T A=A holx] A 7)o oftict o] JRAl 37he)
et A2RS AT 9T A44] TMDE Adelah AEA8ske B4o] i AL Tejshy,
v ThoRe 2] o TR S e G Yol Ams AslL 85 uo] EojHow A1
P T Q=R W Fj2ke ofsfeht] he: SRt

WA= 52 G254 AEE0}E 0|5} TESo] TOC/TIC ZRAE S8 S45E 7]
o] gt A7} o] 2olArH19] B A=A ek & thylakoid 2 IS o] B A1) 7|2
£ olsfsti PRSI IEE TRt ARk, GEA] W 78S FAHOR ol Be £ee
% Aow 7|k I3 0w 7Fuste] 7] 7her] AEe] S oliw] 7jofe Aow
At

Trends Agric. Life Sci. Vol. 63 | 5



Choi et al.

6 | Trends Agric. Life Sci. Vol. 63

Conflict of Interest

The authors declare no potential conflict of interest.

A =

E d7e Addisty AaATEAdSRAAAFAHS: 2025-0831-01)9] A|YO=E o]Fojx
U,
References

1. Kang JH, Lee DW. Targeting signals required for protein sorting to sub-chloroplast
compartments. Plant Cell Rep. 2024;44:14.

2. Tu SL, Chen 1J, Smith MD, Su Y, Schnell DJ, Li H. Import pathways of chloroplast
interior proteins and the outer-membrane protein OEP14 converge at Toc75. Plant
Cell. 2004;16:2078-2088.

3. Li HM, Chiu CC. Protein transport into chloroplasts. Annu Rev Plant Biol. 2010;61:
157-180.

4. Jeong ], Hwang I, Lee DW. Functional organization of sequence motifs in diverse
transit peptides of chloroplast proteins. Front Physiol. 2021;12:795156.

5. Su PH, Li H. Stromal Hsp70 is important for protein translocation into pea and
Arabidopsis chloroplasts. Plant Cell. 2010;22:1516-1531.

6. Shi LX, Theg SM. A stromal heat shock protein 70 system functions in protein import
into chloroplasts in the moss. Plant Cell. 2010;22:205-220.

7. Inoue H, Li M, Schnell DJ]. An essential role for chloroplast heat shock protein 90
(Hsp90C) in protein import into chloroplasts Physcomitrella patens. Proc Natl Acad
Sci USA. 2013;110:3173-3178.

8. Richter S, Lamppa GK. A chloroplast processing enzyme functions as the general
stromal processing peptidase. Proc Natl Acad Sci USA. 1998;95:7463-7468.

9. Lee DW, Kim JK, Lee S, Choi S, Kim S, Hwang 1. Arabidopsis nuclear-encoded
plastid transit peptides contain multiple sequence subgroups with distinctive chloro-
plast-targeting sequence motifs. Plant Cell. 2008:20:1603-1622.

10. Li M, Schnell DJ. Reconstitution of protein targeting to the inner envelope mem-
brane of chloroplasts. J Cell Biol. 2006;175:249-2509.

11. Chiu CC, Li HM. Tic40 is important for reinsertion of proteins from the chloroplast
stroma into the inner membrane. Plant J. 2008;56:793-801.

12. Li Y, Martin JR, Aldama GA, Fernandez DE, Cline K. Identification of putative
substrates of SEC2, a chloroplast inner envelope translocase. Plant Physiol. 2017,
173:2121-2137.

13. Li Y, Singhal R, Taylor IW, McMinn PH, Chua XY, Cline K, et al. The Sec2
translocase of the chloroplast inner envelope contains a unique and dedicated
SECE2 component. Plant J. 2015:84:647-658.

https://www.etals.org



1>
o

185

J

5 Lt o

HH
2

x|
=2

9 0|

=
=}

=]
=

AH
H

Ol
=]

7|Ri0f Tt

g,
o3 BEI,
3 %,

E‘_I'l %\M w’;

https://www.etals.org

14.

15.

16.

17.

18.

19.

Richardson LGL, Small EL, Inoue H, Schnell DJ. Molecular topology of the transit
peptide during chloroplast protein import. Plant Cell. 2018;30:1789-1806.

Viana AAB, Li M, Schnell DJ. Determinants for stop-transfer and post-import
pathways for protein targeting to the chloroplast inner envelope membrane. J Biol
Chem. 2010;285:12948-12960.

Tripp J, Inoue K, Keegstra K, Froehlich JE. A novel serine/proline-rich domain in
combination with a transmembrane domain is required for the insertion of AtTic40
into the inner envelope membrane of chloroplasts. Plant J. 2007:52:824-838.
Froehlich JE, Keegstra K. The role of the transmembrane domain in determining the
targeting of membrane proteins to either the inner envelope or thylakoid mem-
brane. Plant J. 2011;68:844-856.

Hegde RS, Keenan R]. The mechanisms of integral membrane protein biogenesis.
Nat Rev Mol Cell Biol. 2022;23:107-124.

Kim DB, Na C, Hwang I, Lee DW. Understanding protein translocation across

chloroplast membranes: translocons and motor proteins. ] Integr Plant Biol. 2023;

65:408-416.

Trends Agric. Life Sci. Vol. 63 |7



