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1 | INTRODUCTION

Lih-Jen Chen | Hsou-min Li

Abstract

Chloroplasts are divided into six subcompartments: the outer membrane, inter-
membrane space, and inner membrane of the envelope, the stroma, the thylakoid
membrane, and the thylakoid lumen. Compared with our knowledge of protein
import into other subcompartments, extremely little is known about how proteins
are imported into the intermembrane space of the envelope. Tic22 was one of the
first proteins identified as localizing to the intermembrane space and the only one for
which import has been analyzed in some detail. However, conflicting results have
been obtained concerning whether the general translocon is used to import Tic22
into the intermembrane space. Taking advantage of available translocon component
mutants, we reanalyzed import of Tic22. We reveal reduced in vitro import of Tic22
preprotein (prTic22) into chloroplasts isolated from the Arabidopsis marl and tic236
mutants, which are functional knockdown mutants of the outer-membrane channel
Toc75 and the intermembrane space linker Tic236, respectively. Import competition
experiments also showed that prTic22 import was reduced by excess amounts of a
stroma-targeted preprotein. Our results indicate that prTic22 uses at least part of the

general translocon for import into the intermembrane space.
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envelope membranes. Proteins destined to the outer and inner

membranes, the stroma, the thylakoid membrane, and the thylakoid

Chloroplasts display one of the most complex structures among
organelles. They are divided into six subcompartments: the outer
membrane, intermembrane space (IMS), and inner membrane of the
envelope, the stroma, the thylakoid membrane, and the thylakoid
lumen. Each subcompartment has a distinct set of proteins. Most
proteins in chloroplasts are encoded by the nuclear genome and
synthesized in the cytosol as a higher molecular mass preprotein with
an N-terminal transit peptide for import into chloroplasts. Import is
executed by translocons at the outer (TOC) and inner (TIC) chloroplast

lumen have all been shown to use all or part of this general translocon
machinery for transport across the envelope. As core translocon com-
ponents, Toc159 and Toc34 function as the initial receptors, Toc75
forms the channel for protein translocation across the outer mem-
brane, Tic236 links the TOC and TIC complexes, and Tic20 forms the
channel for protein translocation across the inner membrane
(Richardson & Schnell, 2020).

Tic22 is a translocon component located in the IMS. It functions
as a small chaperone facilitating preprotein transit across the IMS
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(Kasmati et al., 2013; Kouranov et al., 1998; Paila et al., 2016; Rudolf
et al, 2013). In addition, Tic22 was one of the first proteins to be
molecularly localized to the IMS. Therefore, it has been used to study
how proteins are imported into the IMS. The molecular mass of the
Tic22 preprotein (prTic22) is ~30 kD, and the N-terminal 54 amino
acids of pea prTic22 have been shown to function as a transit peptide
that is necessary and sufficient to direct protein import into the IMS
(Kouranov et al., 1999). Two studies have analyzed the import
requirements of prTic22 in more detail (Kouranov et al., 1999; Vojta
et al., 2007). Both studies showed that import of prTic22 into the IMS
does not require ATP but is stimulated by it. However, although both
studies demonstrated that prTic22 import is facilitated by
thermolysin-sensitive components on the chloroplast surface,
Kouranov et al. found that prTic22 import was not inhibited by excess
amounts of the preprotein to the small subunit of RuBP carboxylase
(prRBCS), which uses the TOC-TIC translocon for import into
chloroplasts. Accordingly, Kouranov et al. suggested that prTic22 is
imported into the IMS via a novel import pathway distinct from
known pathways that target proteins to other chloroplast sub-
compartments. In contrast, Vojta et al. reported that import of prTic22
was inhibited by excess amounts of prOE33 (the preprotein of the
33-kD subunit of the oxygen evolving complex of the thylakoid
lumen), which also employs the TOC-TIC translocon for its transport
across the envelope. They further showed that prTic22 bound on
chloroplasts could be coimmunoprecipitated by antibodies against
Toc75 and Toc34, supporting that prTic22 associates with the TOC
complex during import (Vojta et al., 2007).

One way to investigate if a translocon component is involved in
an import process is to perform import experiments using chloroplasts
isolated from Arabidopsis mutants defective in the translocon compo-
nent. Although most core translocon components are essential and
their genetic knockout usually results in embryonically lethal or albino
phenotypes, viable mutant alleles harboring knockdown mutations are
available for several components, including Toc75 and Tic236 (Chen
et al., 2018; Stanga et al., 2009). In addition, Tic236 is required for
import of inner envelope membrane, stromal, and thylakoid proteins
(Chen et al., 2018). Whether Tic236 is required for the import of IMS
proteins has not been studied. In this report, we used chloroplasts iso-
lated from mutant Arabidopsis lines hosting knockdown alleles of
Toc75 and Tic236 to investigate prTic22 import. Our results show
that prTic22 import was reduced in these mutant lines, evidencing
that the prTic22 import process employs at least part of the general
TOC-TIC translocon.

2 | MATERIALS AND METHODS
2.1 | Plant materials, chloroplast isolation, plasmid
constructs, and in vitro translation

Chloroplast isolation from 7- to 9-day-old pea seedlings (Pisum
sativum Green Arrow) grown on vermiculite and 14-day-old

Arabidopsis plants grown on MS synthetic agar medium with 2%

sucrose was performed as described previously (Chu & Li, 2011). The
tic236-2 and tic236-3 mutants used were described previously (Chen
et al., 2018). Briefly, tic236-2 (SAIL104-FO7, T-DNA insertion at —306
and —307, Col ecotype) was obtained from the Arabidopsis Biological
Resource Center (ABRC). The tic236-3 mutant (RIKEN PST00216) in
the No-0 ecotype was obtained from RIKEN BRC Experimental Plant
Division. It has a Ds insertion in the same position in the 5" UTR at
—276 and —277. A plasmid containing the full-length cDNA of
Arabidopsis prTic22 (At4g33350) was obtained from ABRC (EST
144A17). The prTic22 insert was excised using Pstl and Xbal and
cloned into the Pstl/Xbal site of pSP64. The resulting plasmid was
named pSP64-prTic22, and it was used to produce in vitro-translated
full-length prTic22 using the TNT reticulocyte lysate system
(Promega) and [3°S]Met. To synthesize prTic22(1-242)MM preprotein,
site-directed mutagenesis (QuikChange Il Site-Directed Mutagenesis
Kit, Agilent Technologies Inc.) was performed on pSP64-prTic22 to
change residues 243, 244, and 245 into Met, Met, and a stop codon,
respectively.

2.2 | Protein import into chloroplasts and
postimport treatments

Isolated chloroplasts were adjusted to 1-mg chlorophyll per ml in
import buffer (330-mM sorbitol and 50-mM HEPES-KOH, pH 8.0),
and the same volumes of mutant and wild-type chloroplasts were
used for each experiment. For regular import, [3°S]Met-labeled
preproteins were incubated with isolated chloroplasts in the presence
of 5-mM ATP and 0.8-mM DTT in import buffer at room temperature
for 30 min. The import reaction was stopped at desired time points by
adding an excess amount of ice-cold import buffer. Treatment of chlo-
roplasts with thermolysin (200 and 100 pg/ml for pea and Arabidopsis
chloroplasts, respectively) after import was performed as described
previously (Perry et al., 1991). Chloroplasts after thermolysin
treatment were reisolated through a 40% Percoll cushion to ensure
that only intact chloroplasts were analyzed (Cline et al., 1984). Chloro-
plasts were further washed and resuspended in import buffer. A small
volume was removed for protein concentration determination using
the Pierce BCA assay kit (Thermo Fisher). The remaining chloroplasts
were mixed with an equal volume of 2x SDS-PAGE sample buffer,
boiled, and then analyzed in 4-12% NuPAGE Bis-Tris gels (Thermo
Fisher).

2.3 | Import competition experiments

Competition experiments using recombinant prRBCS and RBCS were
performed as described previously (Tranel et al, 1995; Tu
et al., 2004). In brief, import was performed with [3>S]Met-labeled
preproteins and various concentrations of recombinant prRBCS or
RBCS at room temperature for 30 min. All reactions had the same
concentration of urea as the reaction with the highest amount of

recombinant proteins. After import, chloroplasts were further treated
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with 200-pg/ml thermolysin. Intact chloroplasts were reisolated
through a 40% Percoll cushion after the thermolysin treatment (Cline
et al., 1984). Accession numbers or references for the preproteins
used are prRBCS (Lubben & Keegstra, 1986), prHsp93 (L09547), and
prTic22 (At4g33350).

3 | RESULTS

3.1 | Import time course of prTic22

In  previous studies, a pea prTic22 cDNA (AF095284,
Kouranov et al., 1999) transcribed from the T7 promoter and [*°S]-
methionine ([3°S]Met)-radiolabeled preprotein, and an Arabidopsis
cDNA (At4g33350, Vojta et al.,, 2007) transcribed from the SP6 pro-
moter and [3°S]-cysteine-radiolabeled preprotein, were used to study
the import of prTic22 into the IMS. Import efficiencies in both studies
seemed to be low, and it was calculated that ~4% of the radiolabeled
prTic22 added to the pea chloroplast import reactions was imported
after 30 min (Kouranov et al., 1999), which may render quantifications
difficult. To increase signal intensity, we subcloned the Arabidopsis
prTic22 cDNA, so it is also transcribed by the SP6 promoter but used
[3°S]Met for in vitro translation. For reasons not yet clear to us, the use
of the SP6 promoter and [3°S]Met usually resulted in production of
preproteins displaying enhanced radioactivity relative to use of the T7
promoter and [3°S]-cysteine. However, whether there are quantitative
differences remains to be determined. We first performed import time-
course experiments with isolated pea chloroplasts to gain an initial
understanding of the import characteristics of prTic22. As shown in
Figure 1, amounts of processed mature Tic22 increased with time. At
the 30-min time point, ~25% of added prTic22 had been processed into
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mature Tic22 (Figure 1, Lane 7; Lane 1 represents 50% of prTic22
added). Interestingly, similar to previous results (Kouranov et al., 1999;
Vojta et al., 2007), most prTic22 was degraded after thermolysin treat-
ments to remove proteins that were still exposed at the chloroplast sur-
face, but a small proportion of prTic22 was thermolysin resistant
(Figure 1, Lanes 8 to 12, prTic22). Control experiments in which prTic22
was directly treated with thermolysin without chloroplasts resulted in
complete degradation (Figure 1, Lane 2), suggesting that the small
amount of thermolysin-resistant prTic22 had been translocated across
the outer membrane. Furthermore, some processed mature Tic22 was
thermolysin sensitive, indicating that it had not been fully translocated
across the outer membrane. Kouranov et al. (1999) have therefore
suggested that processing of prTic22 is not tightly coupled to outer-
membrane translocation. The transit peptide of prTic22 could be
cleaved during or after translocation across the outer membrane,
resulting in the populations of thermolysin-sensitive mature Tic22 and

thermolysin-resistant prTic22, respectively.

3.2 | Import of prTic22 is competed by excess
amounts of prRBCS

To investigate if import of prTic22 uses part of the general translocon,
we performed import competition experiments using Escherichia coli-
produced recombinant prRBCS. Recombinant mature RBCS without
the transit peptide was used as a control. As shown in Figure 2, when
we added 1-pM recombinant prRBCS, import of [3°S]Met-labeled
prTic22 and prRBCS was reduced by ~40%. This reduction was not
seen when recombinant mature RBCS was added. Thus, the prTic22
import process may operate via components shared with that of
prRBCS.

- + - + Thermolysin
Tr Tr 27 13 2030 2 7 13 20 30 (min)
kD
- wowe-e —priiez2
: e +Tic22
20— -
- -5 FE B B = 5
- - = -
geepqenieg
12 3 4 5 6 7 8 9 10 11 12

FIGURE 1

Import time course of prTic22 into isolated pea chloroplasts. [3°S]Met-prTic22 produced by in vitro translation (Tr, Lanes 1 and 2)

was incubated with isolated pea chloroplasts under conditions of 5-mM ATP and room temperature for various time frames as indicated at the
top (Lanes 3 to 7). Half of the chloroplasts were further treated with 200-pg/ml thermolysin (Lanes 8 to 12). Intact chloroplasts were reisolated
and analyzed by SDS-PAGE. An equal amount of protein was loaded in all lanes, except for the Tr lanes that represent 50% of [3°S]-prTic22
added to the import samples. The gels were stained with Coomassie blue and dried for fluorography. The region around endogenous CAB is

shown below the fluorograph of the same gel
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FIGURE 2 Import competition of prTic22 with prRBCS and RBCS. [3°S]Met-prRBCS or [3°>S]Met-prTic22 produced by in vitro translation

(Tr) was imported into isolated pea chloroplasts for 30 min in 5-mM ATP with O- to 1-uM unlabeled recombinant prRBCS or RBCS competitor, as
indicated on top of the gel. Chloroplasts were further treated with 200-pg/ml thermolysin after import. Intact chloroplasts were reisolated and
analyzed by SDS-PAGE. An equal amount of protein was loaded in each lane of the same gel, except for the Tr lanes. The gels were stained with
Coomassie blue and dried for fluorography. The region around endogenous CAB is shown below the fluorograph of the same gel. Imported
mature protein was quantified using a phosphorimager and further corrected for loading by quantifying the Coomassie-stained gels by ImageJ.
The amount of mature protein imported in the absence of recombinant protein was set as 100%. Values represent mean + SD of three

independent experiments

3.3 | Import of prTic22 into mar1 and tic236
mutant chloroplasts

To explore if import of prTic22 is facilitated by the translocon compo-
nents Toc75 and Tic236, we assayed prTic22 import into chloroplasts
isolated from Arabidopsis lines with knockdown mutations in TOC75
and TIC236. In initial experiments, we found that the import efficiency
of prTic22 into isolated Arabidopsis chloroplasts was lower than that
of import into pea chloroplasts. Furthermore, mature Tic22 ran to the
same gel position as the abundant chloroplast a/b-binding protein
(CAB), which often obscured the signal of mature Tic22 when gels
had to be exposed for a long period of time. Therefore, we con-
structed a C-terminus-truncated prTic22 by removing the most C-
terminal 26 amino acids so that the imported mature protein could be
separated from CAB upon SDS-PAGE. To increase signal intensity fur-
ther, we added two methionine residues at the C-terminus, resulting
in a prTic22(1-242)MM construct (full-length prTic22 is 268 amino
acids long). Truncation of the C-terminus should not affect prTic22
import because previous studies have shown that the transit peptide
of prTic22 is sufficient to target a passenger protein to the IMS
(Kouranov et al., 1999). Furthermore, when the prTic22 transit

peptide was fused to a passenger protein, import of the fusion protein
also showed the uncoupled translocation-processing characteristic of
prTic22 (Kouranov et al., 1999), suggesting that the prTic22 transit
peptide determines the targeting, translocation, and processing char-
acteristics of prTic22.

The mar1 (modifier of arg1) mutant of Arabidopsis contains a mis-
sense mutation in Toc75 (At3g46740), resulting in mutation of the
glycine at residue 658 to arginine (Stanga et al., 2009). Although mar1
is the first known hypomorphic allele of Toc75, to our knowledge, no
direct import experiment has been reported using chloroplasts iso-
lated from marl. Therefore, we assayed import of the preprotein of
stromal Hsp93 (prHsp93) as a control. We selected prHsp93, rather
than the most commonly used prRBCS, as a control because the size
of prRBCS is similar to that of prTic22(1-242)MM, whereas prHsp93
and imported mature Hsp93 are 100 and 93 kD, respectively, so they
separated from Tic22(1-242)MM in SDS-PAGE. We
coimported prHsp93 and prTic22(1-242)MM into chloroplasts iso-
lated from marl and wild-type control (WS2 ecotype) plants. As

are well

shown in Figure 3, we observed reduced amounts of mature Hsp93
and Tic22(1-242)MM after import into mar1 chloroplasts, illustrating
that Toc75 facilitates the import of prHsp93 and prTic22.
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Import of prTic22(1-242)MM into chloroplasts of mar1 and the corresponding wild type. [3°S]Met-prHsp93 and [*°S]Met-prTic22

(1-242)MM produced by in vitro translation (Tr) were imported into chloroplasts isolated from mar1 and the corresponding wild-type (WS2)
plants in 5-mM ATP at room temperature for 30 min. Half of the chloroplasts were further treated with thermolysin. Reisolated intact
chloroplasts were analyzed by SDS-PAGE, and the gels were stained with Coomassie blue and dried for fluorography. The region of the gel
around CAB is shown below the fluorograph. An equal amount of protein was loaded in each lane, except for the Tr lane. In the prTic22(1-242)
MM panel, Lanes 6 and 7 are a longer exposure of Lanes 4 and 5. Quantifications show the amounts of mature Hsp93 and Tic22(1-242)MM from
thermolysin-treated chloroplasts using a phosphorimager, further corrected for loading by quantifying the Coomassie-stained gels by ImageJ. The
amount of mature protein imported into the wild-type chloroplasts of the same experiment was set as 100%. Values represent mean + SD of
three independent experiments. Statistical analysis by two-tailed t test, ***p < .001

Next, we tested import of prTic22(1-242)MM into chloroplasts
isolated from tic236 mutants. We used two mutant alleles, tic236-2
(Col ecotype) and tic236-3 (No-O ecotype) in our experiments. As
shown in Figure 4, before thermolysin treatment, amounts of prTic22
(1-242)MM were higher in the mutant lines than in their respective
wild types. Upon thermolysin treatment, amounts of prTic22(1-242)
MM in mutant chloroplasts were lower than detected in wild types.
Moreover, amounts of mature Tic22(1-242)MM in the mutant lines
were lower relative to controls, both before and after thermolysin
treatment. Therefore, it is likely that prTic22(1-242)MM crosses the
outer membrane using Toc75 that is assembled with Tic236, with
amounts of this latter protein being reduced in the tic236 mutants
(Chen et al.,, 2018). Accordingly, nontranslocated prTic22 accumulated
on the chloroplast surface of the tic236 mutant, whereas levels of fully
translocated prTic22 and mature Tic22 were diminished due to

reduced amounts of Toc75-Tic236 complex in the mutant lines.

4 | DISCUSSION

In previous studies, prTic22 from pea (AF095284, Kouranov
et al, 1999) and Arabidopsis (At4g33350, Vojta et al., 2007) were
used to study prTic22 import. The import efficiencies reported in both

studies seemed low, rendering quantifications difficult. By using the
SP6 promoter to direct transcription and a C-terminally truncated
clone to which methionine residues had been added, we obtained
very clear import signals. We found that addition of excess amounts
of prRBCS competed with prTic22 for import. Moreover, prTic22
import was impaired in knockdown mutants of Toc75 and Tic236.
Together, these results indicate that, like most chloroplast preproteins
with cleavable transit peptides, prTic22 uses the TOC-TIC translocon
for import into chloroplasts.

We have shown previously that Tic236 mutant lines display
reduced import of preproteins destined for the inner envelope mem-
brane, the stroma, and the thylakoid, suggesting that preproteins
targeted to these subcompartments all use TOC-TIC supercomplexes
(Chen et al., 2018). Only outer-membrane proteins such as OEP14
and Toc34 can insert into the outer membrane via Toc75 not assem-
bled with the TIC complex (Chen et al., 2018; Tu et al., 2004). Our
results presented herein imply that preproteins of the IMS also use
the TOC-TIC supercomplexes for import. This is an interesting finding
because these preproteins should only need to cross the outer mem-
brane and not the inner membrane. It is possible that Toc75 not
assembled with the TOC-TIC supercomplexes only allows lateral dif-
fusion of inserted proteins into the outer membrane and that it cannot

support complete translocation across the outer membrane.
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Import of prTic22(1-242)MM into chloroplasts of tic236-2 and tic236-3 mutants, as well as their corresponding wild types. [3°S]

Met-prTic22(1-242)MM produced by in vitro translation (Tr) was imported into chloroplasts isolated from the tic236-2 and tic236-3 mutant lines,
as well as their corresponding wild-type (Col and No-0) plants, in 5-mM ATP at room temperature for 30 min. Half of the chloroplasts were
further treated with thermolysin. Reisolated intact chloroplasts were analyzed by SDS-PAGE, and the gels were stained with Coomassie blue and
dried for fluorography. The region of the gel around CAB is shown below the fluorograph. An equal amount of protein was loaded in each lane,
except for the Tr lanes. Quantifications show the amount of mature Tic22(1-242)MM from thermolysin-treated chloroplasts using a
phosphorimager, further corrected for loading by quantifying the Coomassie-stained gel by ImageJ. The amount of mature Tic22(1-242)MM
imported into the corresponding wild-type chloroplasts of the same experiment was set as 100%. Values represent mean =+ SD of three
independent experiments. Statistical analysis by two-tailed t test, *p < .05 and **p < .01

Accordingly, prTic22 would still need Toc75 assembled with Tic236
to fully transit the outer membrane. Notably, the peptidase responsi-
ble for cleaving the prTic22 transit peptide is still unknown. It remains
possible that the peptidase is located in the stroma, so that prTic22
must be partially translocated across the inner membrane for
processing, necessitating TOC-TIC supercomplex-mediated transport.
Future investigations on the import dynamics and processing of other
IMS proteins are required to gain further understanding of the mecha-
nism underlying protein import into the chloroplast IMS.

ACKNOWLEDGMENTS

We thank Yang-Tsung Lin for constructing the pSP6-prTic22 plasmid,
Dr Patrick Masson for the mar1 mutant, and Dr John O'Brien for lan-
guage editing. This work was supported by grants to H.-m. L. from the
Ministry of Science and Technology, Taiwan (Grant Number
110-2326-B-001-016) and Academia Sinica of Taiwan.

CONFLICT OF INTEREST
The authors declare that there is no conflict of interest in the publica-

tion of this manuscript.

AUTHOR CONTRIBUTIONS

H.-m. L. conceived the study, designed the experiments, and wrote
the manuscript. M.-R. C. and L.-J. C. designed and performed the
experiments and analyzed the data.

DATA AVAILABILITY STATEMENT
All relevant data are included in the manuscript. Access to raw data is

available on request.

ORCID

Meng-Rong Chuang "= https://orcid.org/0000-0002-8856-4593
Lih-Jen Chen "= https://orcid.org/0000-0002-4231-2200
Hsou-min Li = https://orcid.org/0000-0002-0211-7339

REFERENCES

Chen, Y.-L., Chen, L.-J.,, Chu, C.-C., Huang, P.-K., Wen, J.-R., & Li, H.-m.
(2018). Tic236 links the outer and inner membrane translocons of
the chloroplast. Nature, 564, 125-129. https://doi.org/10.1038/
s41586-018-0713-y

Chu, C. C., & Li, H.-m. (2011). Determining the location of an Arabidopsis
chloroplast protein using in vitro import followed by fractionation


https://orcid.org/0000-0002-8856-4593
https://orcid.org/0000-0002-8856-4593
https://orcid.org/0000-0002-4231-2200
https://orcid.org/0000-0002-4231-2200
https://orcid.org/0000-0002-0211-7339
https://orcid.org/0000-0002-0211-7339
https://doi.org/10.1038/s41586-018-0713-y
https://doi.org/10.1038/s41586-018-0713-y

CHUANG ET AL.

and alkaline extraction. Methods in Molecular Biology, 774, 339-350.
https://doi.org/10.1007/978-1-61779-234-2_20

Cline, K., Werner-Washburne, M., Andrews, J., & Keegstra, K. (1984).
Thermolysin is a suitable protease for probing the surface of intact
pea chloroplasts. Plant Physiology, 75, 675-678. https://doi.org/10.
1104/pp.75.3.675

Kasmati, A. R., Topel, M., Khan, N. Z.,, Patel, R, Ling, Q. Karim, S.,
Aronsson, H., & Jarvis, P. (2013). Evolutionary, molecular and genetic
analyses of Tic22 homologues in Arabidopsis thaliana chloroplasts.
PLoS ONE, 8, e63863.

Kouranov, A., Chen, X., Fuks, B., & Schnell, D. J. (1998). Tic20 and Tic22
are new components of the protein import apparatus at the chloro-
plast inner envelope membrane. The Journal of Cell Biology, 143,
991-1002. https://doi.org/10.1083/jcb.143.4.991

Kouranov, A., Wang, H., & Schnell, D. J. (1999). Tic22 is targeted to the
intermembrane space of chloroplasts by a novel pathway. The Journal
of Biological Chemistry, 274, 25181-25186. https://doi.org/10.1074/
jbc.274.35.25181

Lubben, T. H., & Keegstra, K. (1986). Efficient in vitro import of a cytosolic
heat shock protein into pea chloroplasts. Proceedings of the National
Academy of Sciences of the United States of America, 83, 5502-5506.
https://doi.org/10.1073/pnas.83.15.5502

Paila, Y. D., Richardson, L. G., Inoue, H., Parks, E. S., McMahon, J,
Inoue, K., & Schnell, D. J. (2016). Multi-functional roles for the poly-
peptide transport associated domains of Toc75 in chloroplast protein
import. eLife, 5, 12631.

Perry, S. E., Li, H.-m., & Keegstra, K. (1991). In vitro reconstitution of pro-
tein transport into chloroplasts. Methods in Cell Biology, 34, 327-344.
https://doi.org/10.1016/s0091-679x(08)61688-x

Richardson, L. G. L., & Schnell, D. J. (2020). Origins, function, and regula-
tion of the TOC-TIC general protein import machinery of plastids.

Anieas [SHO{Bl WILEY L 727

" SOCIETY FOR EXPERIMENTAL BI0LOGY

Journal of Experimental Botany, 71, 1226-1238. https://doi.org/10.
1093/jxb/erz517

Rudolf, M., Machettira, A. B., Gross, L. E, Weber, K. L, Bolte, K,
Bionda, T., Sommer, M. S., Maier, U. G., Weber, A. P., Schleiff, E., &
Tripp, J. (2013). In vivo function of Tic22, a protein import compo-
nent of the intermembrane space of chloroplasts. Molecular Plant, 6,
817-829. https://doi.org/10.1093/mp/sss114

Stanga, J. P., Boonsirichai, K., Sedbrook, J. C. Otegui, M. S., &
Masson, P. H. (2009). A role for the TOC complex in Arabidopsis root
gravitropism. Plant Physiology, 149, 1896-1905. https://doi.org/10.
1104/pp.109.135301

Tranel, P. J., Froehlich, J., Goyal, A, & Keegstra, K. (1995). A component of
the chloroplastic protein import apparatus is targeted to the outer
envelope membrane via a novel pathway. The EMBO Journal, 14,
2436-2446.

Tu, S. L., Chen, L. J., Smith, M., Su, Y.s., Schnell, D., & Li, H.-m. (2004).
Import pathways of chloroplast interior proteins and the
outer-membrane protein OEP14 converge at Toc75. Plant Cell, 16,
2078-2088. https://doi.org/10.1105/tpc.104.023952

Vojta, L., Soll, J., & Bolter, B. (2007). Protein transport in chloroplasts—
Targeting to the intermembrane space. The FEBS Journal, 274,
5043-5054. https://doi.org/10.1111/j.1742-4658.2007.06023.x

How to cite this article: Chuang, M.-R., Chen, L.-J., & Li, H.
(2021). Chloroplast import of an intermembrane space protein
is facilitated by translocon components Toc75 and Tic236.
Plant Direct, 5(11), e356. https://doi.org/10.1002/pld3.356



https://doi.org/10.1007/978-1-61779-234-2_20
https://doi.org/10.1104/pp.75.3.675
https://doi.org/10.1104/pp.75.3.675
https://doi.org/10.1083/jcb.143.4.991
https://doi.org/10.1074/jbc.274.35.25181
https://doi.org/10.1074/jbc.274.35.25181
https://doi.org/10.1073/pnas.83.15.5502
https://doi.org/10.1016/s0091-679x(08)61688-x
https://doi.org/10.1093/jxb/erz517
https://doi.org/10.1093/jxb/erz517
https://doi.org/10.1093/mp/sss114
https://doi.org/10.1104/pp.109.135301
https://doi.org/10.1104/pp.109.135301
https://doi.org/10.1105/tpc.104.023952
https://doi.org/10.1111/j.1742-4658.2007.06023.x
https://doi.org/10.1002/pld3.356

	Chloroplast import of an intermembrane space protein is facilitated by translocon components Toc75 and Tic236
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Plant materials, chloroplast isolation, plasmid constructs, and in vitro translation
	2.2  Protein import into chloroplasts and postimport treatments
	2.3  Import competition experiments

	3  RESULTS
	3.1  Import time course of prTic22
	3.2  Import of prTic22 is competed by excess amounts of prRBCS
	3.3  Import of prTic22 into mar1 and tic236 mutant chloroplasts

	4  DISCUSSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


