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Prolines in Transit Peptides Are Crucial for Efficient
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Chloroplasts import many preproteins that can be classified based on their physicochemical properties. The cleavable N-terminal
transit peptide (TP) of chloroplast preproteins contains all the information required for import into chloroplasts through Toc/Tic
translocons. The question of whether and how the physicochemical properties of preproteins affect TP-mediated import into
chloroplasts has not been elucidated. Here, we present evidence that Pro residues in TP mediate efficient translocation through
the chloroplast envelope membranes for proteins containing transmembrane domains (TMDs) or proteins prone to aggregation.
By contrast, the translocation of soluble proteins through the chloroplast envelope membranes is less dependent on TP prolines.
Proless TPs failed to mediate protein translocation into chloroplasts; instead, these mutant TPs led to protein mistargeting to the
chloroplast envelope membranes or nonspecific protein aggregation during import into chloroplasts. The mistargeting of TMD-
containing proteins caused by Pro-less TPs in wild-type protoplasts was mimicked by wild-type TPs in hsp93-V protoplasts, in
which preprotein translocation is compromised. We propose that the physicochemical properties of chloroplast proteins affect
protein translocation through the chloroplast envelope, and prolines in TP have a crucial role in the efficient translocation of

TMD-containing proteins.

The plastid is a unique organelle found in land plants
and algae. Of the four main types of plastids, chloro-
plasts are responsible for photosynthesis, amino acid
and fatty acid synthesis, and the plant immune response
(Padmanabhan and Dinesh-Kumar, 2010). Chloroplasts
are thought to contain more than 3,000 different types of
proteins; however, the chloroplast genome only encodes
approximately 100 proteins. Most proteins in the chlo-
roplast proteome are encoded by the nuclear genome
and post-translationally imported into the chloroplast
(Lee et al., 2013; Li and Chiu, 2010; Jarvis, 2008).

The import of nuclear-encoded proteins into chloro-
plasts occurs via a complex process with distinct steps
that occur in a sequential manner (Lee et al., 2006; Pilon
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et al., 1995). First, chloroplast preproteins are translated
on cytosolic ribosomes and then navigate through the
cytosol to chloroplasts (Lee et al., 2013). During this step,
chloroplast preproteins are maintained in an unfolded
state by cytosolic chaperones and factors such as 14-3-3
and Hsp70/90, which are essential for efficient targeting
to chloroplasts (May and Soll, 2000; Qbadou et al., 2006).
The preproteins arrive at the chloroplast surface and are
recognized by specific import receptors, such as Trans-
locon at the Outer Envelope of Chloroplasts 159 (Toc159)
and Toc33 (Li and Chiu, 2010; aessler and Schnell, 2006,
2009). Subsequently, preproteins are translocated
through the import channel (Toc75) at the outer envelope
membrane (Hinnah et al., 2002; Paila et al., 2016). Then,
preproteins are translocated through the inner envelope
membrane by Translocon at the Inner Envelope of
Chloroplasts (TIC), in which atTic20 functions as a pre-
protein channel (Li and Chiu, 2010). Recently, a mega-
dalton complex composed of atTic20, atTic21, atTic214,
atTic56, and atTicl00 was suggested to function as a
general Tic translocon (Kikuchi et al., 2009, 2013), al-
though the exact nature of Tic translocon is still elusive
(de Vries et al., 2015; Bolter and Soll, 2017; Agne et al,,
2017; Jensen and Leister, 2014). Finally, stromal
chaperones such as Hsp93, cpHsc70, and Hsp90C, to-
gether with atTic110 and atTic40, pull the preproteins into
the chloroplast stroma (Flores-Pérez and Jarvis, 2013; Chou
et al., 2006; Su and Li, 2010; Kovacheva et al., 2007; Inoue
et al.,, 2013; Shi and Theg, 2010; Liu et al., 2014). Thus, the
entire import process contains many distinct steps, each
of which involves many proteins and factors. This process
is even more complex, as recent studies showed that
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protein import is regulated according to conditions such as
plant age and environmental conditions (Teng et al., 2012;
Li and Teng, 2013). Plant cells have another mechanism,
the unimported plastid precursor response, which limits
the number of preproteins in the chloroplast translocation
pathway below a certain threshold to prevent nonspecific
aggregate formation (Lee et al., 2009b, 2016).

The precise mechanism that efficiently translocates
preproteins through the import channel after binding to
the receptor complexes at the chloroplast surface has
not been elucidated. Chloroplast preproteins are in a
largely unfolded state before reaching their final desti-
nation, which may allow efficient translocation across
the outer/inner envelopes and increase the chances of
interacting with molecular chaperones involved in de-
livering preproteins to chloroplasts (Flores-Pérez and
Jarvis, 2013). The N-terminal transit peptide (TP) of
unfolded chloroplast preproteins is inserted into the
import channel at the outer envelope membrane and
then passed through channels at inner envelope mem-
branes to finally emerge into the stroma. Several com-
plexes are present at the stromal side of the inner
envelope membrane that bind to and pull the TP
through the envelope (Chou et al., 2006; Li and Chiu,
2010). Several stromal chaperones are thought to be
critical for pulling preproteins into chloroplasts (Flores-
Pérez and Jarvis, 2013; Su and Li, 2010; Kovacheva
et al., 2007; Inoue et al., 2013; Shi and Theg, 2010; Liu
et al., 2014). In mitochondria, mtHsp70 functions as the
ratchet that pulls substrates into this organelle (Yamano
et al., 2008; Esaki et al., 1999). It is not fully understood
how the pulling process occurs in chloroplasts, or
whether TPs contain any sequence motifs that direct the
pulling. Chloroplasts import soluble and membrane
proteins that contain transmembrane domains (TMDs;
Okawa et al., 2014; Viana et al., 2010; Froehlich and
Keegstra, 2011; Lee et al., 2017). The mechanistic func-
tion of chloroplast import channels is not fully under-
stood, and it is possible that specific properties of the
polypeptides that pass through the import channels
may affect their translocation. For example, the trans-
location rate of nascent polypeptides passing through
the Sec61 channel of the endoplasmic reticulum is af-
fected by the type of amino acids present in the poly-
peptides (Kang et al., 2006; Kim et al., 2002).

In this study, we investigated the mechanisms that
mediate efficient translocation of preproteins through
chloroplast import channels. We postulated the exis-
tence of a pulling activity that efficiently translocates
preproteins through import channels. Previous studies
reported that the stromal chaperones Hsp93-V and
cpHsc70 are crucial for efficient translocation of pre-
proteins (Lee et al., 2015; Su and Li, 2010; Huang et al.,
2016; Liu et al., 2014). To identify sequence motifs in-
volved in efficient translocation of preproteins through
the channel, we examined the role of Pro residues,
which are abundant in most TPs. Pro residues in
polypeptides are associated with two main functions:
they break the local secondary structure, thereby giving
unstructured property to TPs, and they also introduce
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localized kinks into the secondary structure. Therefore,
we predict that Pro residues contribute to the structural
flexibility of TPs by terminating secondary structural
elements such as a-helices and B-sheets (Guzzo, 1965;
Bruce, 2000; Zhang and Glaser, 2002; Zybailov et al., 2008;
Bhushan et al., 2006). The structural flexibility of TPs is
thought to be important for their function in protein im-
port into chloroplasts, although the importance of Pro
residues and Pro-induced TP flexibility in protein import
into chloroplasts has not been examined in vivo. Here, we
present evidence that Pro residues in TPs have a crucial
role in the efficient translocation of preproteins through
chloroplast import channels, especially preproteins con-
taining TMDs or those prone to aggregation. We show
that both TMD-containing and aggregation-prone pre-
proteins containing TPs that lack Pro localize at the chlo-
roplast outer envelope membrane, and the latter exists as
more severely aggregated forms. These combined results
indicate that prolines in TPs have crucial roles in trans-
locating preproteins across the chloroplast envelopes.

RESULTS

Pro Residues in TPs Are Crucial for Translocation through
the Chloroplast Envelope Membrane

To examine the role of the abundant Pro residues in TPs
during protein import into chloroplasts, we substituted
five Pro residues in the TP of Rubisco small subunit (RbcS-
TP) with alanines to generate RbcS-nt[P/A], which was
then fused to GFP (Fig. 1A). The control RbcS-nt:GFP and
mutant RbcS-nt[P/A]:GFP constructs were transformed
into Arabidopsis protoplasts, and their import into chlo-
roplasts was investigated using a fluorescence microscope
(Jinetal., 2001). At 12 to 24 hours after transformation, GFP
fluorescence was predominantly observed within chloro-
plasts for both constructs (Fig. 1B). To confirm these results
at the biochemical level, total protein extracts from proto-
plasts were analyzed by western blotting using anti-GFP
antibody. Compared with the wild-type RbcSnt:GFP,
RbcSnt[P/AJ:GFP showed lower import efficiency (Fig.
1C). However, these results were not consistent with mi-
croscopy images, which showed that RbcS-nt[P/A]:GFP
was not in the cytosol (Fig. 1B). Therefore, we examined
whether RbcSnt[P/A]:GFP precursors were associated
with, but not imported into, chloroplasts. Chloroplasts
were purified from gently lysed protoplasts using a Percoll
gradient and then analyzed by western blotting using anti-
GFP antibody (Lee et al., 2008). Unimported RbcSnt[P/A]:
GFP precursors copurified with the chloroplast fraction,
suggesting that Pro residues in the RbcS TP have a role in
translocation through the envelope membranes but not in
navigation through the cytosol or binding to receptors at
the chloroplast surface (Fig. 1D). To assess the contribution
of Pro residues to preprotein import into chloroplasts in a
more physiologically relevant context, we tagged full-
length RbcS and RbcS-P/A] with hemagglutinin (HA) at
the C terminus to generate RbcS-f:HA (control) and RbcS-f
[P/A:HA. RbcSH[P/A]:HA also displayed lower chloro-
plast import efficiency than the control (Fig. 1E), in
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Figure 1. Pro residues in TPs affect preprotein translocation into chloroplasts. A and F, Sequences of wild-type TPs and their P/A substitution
mutants. P/A substitutions are indicated in red. B, Localization of reporter proteins. Protoplasts from Arabidopsis leaf tissues were transformed
with the indicated constructs, and GFP patterns were observed 12 to 24 h after transformation. Green, red, and yellow signals represent GFP,
chlorophyll autofluorescence, and the overlap between green and red signals, respectively. Scale bar = 20 um. C, E, and G, Western-blot
analysis of reporter proteins. Protein extracts from protoplasts were analyzed by western blotting using anti-GFP and anti-HA antibodlies.
Import efficiency is defined as the percentage of the processed form divided by the total amount of expressed protein. The protein band
intensity was measured using software installed on the LAS3000 imager (FUJI FILM). Data represent means (n = 3) with sp. Pre, precursor form;
Pro, processed form. D, Copurification of RbcS-nt[P/A]:GFP precursors with chloroplasts. Protoplasts were gently lysed 12 h after transfor-
mation, and chloroplasts were isolated using a Percoll gradient. Total and chloroplast fractions were analyzed by western blotting with anti-
GFPand anti-RFPantibodies. RFP, cotransformed control for cytosolic proteins. Rubisco complex large subunit (RbcL) stained with Coomassie
Brilliant Blue (CBB) was used as a loading control. T, total protein; CH, chloroplast fraction; Pre, precursor form; Pro, processed form. H,
Subcellular fractionation by ultracentrifugation. Fractions were analyzed by western blotting with anti-GFP antibody. Endogenous AALP was
used as a control for soluble proteins. T, total protein; S, soluble fraction; P, pellet fraction; Pre, precursor form; Pro, processed form.

agreement with the reduced chloroplast import efficiency sequence motifs in the TP region (Lee et al., 2008). We
observed for RbcS-nt[P/A]:GFP. examined the role of Pro residues in the chlorophyll
Next, we investigated whether Pro residues in other a/b-binding protein (Cab) TP by generating P/A sub-
TPs have the same functions as those in RbcS TP. We stitutions (Supplemental Fig. S1A). Cab is a thylakoid
previously showed that TPs can be grouped by the membrane protein that contains three hydrophobic
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TMDs. We substituted six Pro residues in Cab-TP with
alanines to generate Cab-nt[P/A], which was then fused to
GFP. We also introduced the same mutations in the full-
length Cab (Cab-f) tagged with HA to generate Cab-f[P/Al:
HA. Cabnt[P/A]:GFP fluorescence was not observed in
the protoplast cytoplasm, consistent with the localization
of RbcSnt[P/A]:GFP fluorescence (Supplemental Fig.
S1B). However, both Cab-nt[P/A]:GFP and Cab-f[P/A]:
HA displayed more severely defective import into chlo-
roplasts compared with RbcS constructs (Supplemental
Fig. S1, C and D). We examined the localization of pre-
cursor proteins by separating total protein extracts into
soluble and insoluble (pelleted) fractions using ultracen-
trifugation and then performing western-blot analysis.
Unimported precursors of Cab-f[P/A]HA were largely
detected in the pellet, suggesting that they were trapped
at the import channel (Supplemental Fig. S1E).

Next, we tested whether other membrane proteins
also display more severe defects in chloroplast import
than stromal proteins when TP Pro residues are
substituted with Ala by examining the import of thy-
lakoid assembly 4 (Tha4; Fig. 1F; Dabney-Smith and
Cline, 2009). Tha4 contains a TMD adjacent to the TP
(Fig. 1F). The Tha4 TP contains seven Pro residues: four
in the second 10 aa (T2), one in T4, and two in T6 (Fig.
1F). We generated HA-tagged full-length Tha4 (Tha4-f:
HA) and four P/ A substitution mutants, Tha4-f[T2-P/
A]:HA, Tha4-f[T4-P/A]:HA, Tha4-f[T6-P/A]:HA, and
Tha4-f[T2,6-P/A]:HA, in which all Pro residues in T2,
T4, and T6 were replaced with Ala, in addition to both
T2 and T6. These Tha4 constructs were transformed into
Arabidopsis protoplasts, and their import into chloro-
plasts was examined. The P/A substitution in single T
segments resulted in varying degrees of import defects
(Fig. 1G). Simultaneous P/A substitutions in both T2
and T6 segments caused more severe import defects
(Fig. 1G), indicating an additive effect of the mutations.
Unimported precursors of Tha4-f[T2,6-P/A]:HA were
detected in the pellet fraction, similar to Cab-f[P/A]:
HA, suggesting that Pro residues in the Tha4 TP region
are crucial for efficient translocation through the chlo-
roplast envelope membranes (Fig. 1H).

To examine the exact localization of protein precur-
sors detected in the pellet fractions, we generated GFP-
tagged Tha4-fIT2,6-P/A] and Tha4-f control constructs.
Western-blot analysis revealed that Tha4-f:GFP was
largely processed and detected primarily in the chlo-
roplast fraction, confirming its import into chloroplasts
(Fig. 2A). By contrast, the Tha4-f[T2,6-P/A]:GFP pool
contained a significant amount of unprocessed pre-
cursors together with the major processed forms (Fig.
2A). However, there were significantly more processed
forms from Tha4-f[T2,6-P/A]:GFP than from Tha4-f
[T2,6-P/A]:HA (Fig. 1G), suggesting that the C-terminal
GFP moiety somehow facilitates chloroplast import. De-
spite this difference in import efficiency, these results
confirmed that Pro residues have a crucial role in chlo-
roplast import of preproteins with TMDs. The precursor
was copurified with chloroplasts (Fig. 2A), indicating that
it was successfully targeted to chloroplasts but not
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efficiently imported. Precursors, but not processed forms,
were sensitive to both thermolysin and trypsin (Fig. 2B).
The control Tha4-f:GFP also was resistant to both pro-
teinases, confirming that it was successfully imported into
chloroplasts (Fig. 2B). These results indicate that the GFP
moiety of Tha4-f[T2,6-P/ A]:GFP precursors is exposed on
the surface of chloroplasts. We examined GFP localization
in live protoplasts, and observed that Tha4-f:GFP pro-
duced a punctate staining pattern within chloroplasts
(Fig. 2C). This localization pattern differed from that of
RbcSnt:GFP in the chloroplast stroma, suggesting that
Tha4-f:GFP was inserted into thylakoid membranes. By
contrast, Tha4-f[T2,6-P/AJ:GFP produced a ring pattern
surrounding the chloroplasts, together with only a few
punctate structures with weaker fluorescence than those
observed with Tha4-f:GFP (Fig. 2C). To examine whether
Tha4-f[12,6-P/ A]:GFP was integrated into or peripherally
associated with the outer membrane, we performed
subcellular fractionation in the presence of 100 mm
Na,CO; or 1% Triton X-100 (Fig. 2D). The precursor of
Tha4-f[T2,6-P/A]:GFP was still associated with the
membrane fraction under 100 mm Na,CO, treatment. At
this condition, Hsp93 that is peripherally associated with
inner membranes was dissociated (Chu and Li, 2011,
2012). By contrast, RbcS-nt[P/ A]:GFP copurified with the
membrane fraction was significantly washed off at the
same condition (Fig. 2D). These combined results suggest
that TP prolines have a crucial role in the translocation of
TMD-containing cargo proteins through the chloroplast
envelope membranes via prevention of inappropriate
insertion of TMD into envelope membranes.

In hsp93-V Protoplasts, Translocation of Tha4-f:GFP Is
Affected in a Similar Way as Tha4-f[T2,6-P/A]:GFP in
Wild-Type Protoplasts

Based on the observed defects in the translocation of
TMD-containing preproteins with TPs lacking Pro, we
hypothesized that a pulling activity may be required for
efficient translocation of preproteins through chloro-
plast import channels, similarly as for mitochondrial
protein import (Lim et al., 2001). A molecular ratchet is
involved in pulling incoming mitochondrial proteins
into the matrix (Yamano et al., 2008; Esaki et al., 1999),
and TPs lacking prolines would not be efficient targets
for this pulling activity. Hsp93-V is considered as a
component of the stromal import motor that interacts
with TPs released from the Tic complex to pull pre-
proteins into the stroma (Huang et al., 2016; Chou et al,,
2006; Lee et al., 2015). Plants with a T-DNA insertion in
Hsp93-V display severe defects in chloroplast devel-
opment and exhibit a pale-green phenotype. The effi-
ciency of preprotein import into hsp93-V mutant
protoplasts is significantly diminished, and unim-
ported RbcS-nt:GFP precursors are present in the cy-
tosol (Lee et al., 2015, 2016). We used hsp93-V mutant
protoplasts to examine chloroplast import of three Tha4
constructs: Tha4-f:GFP, Tha4-fATMD:GFP lacking the
TMD, and Tha4[1-61]:GFP containing only the TP of
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Figure 2. Pro residues in Tha4 TP have a crucial role in translocation through import channels. A, Copurification of Tha4-f[T2,6-P/A]:GFP
precursors with chloroplasts. Chloroplasts were isolated and analyzed as described in Figure 1D. RFP, cotransformed control for cytosolic
proteins. RbcL (stained with CBB) was used as a loading control. T, total protein; CH, chloroplast fraction; Pre, precursor form; Pro, processed
form. B, Thermolysin and trypsin sensitivity of Tha4-f[T2,6-P/Al:GFP precursors. Protoplasts transformed with the indicated constructs were
gently lysed and treated with thermolysin or trypsin. Subsequently, protein extracts were analyzed by western blotting using anti-GFP, anti-
RbcL, and anti-Lhcb4 antibodies. Pre, precur sor form; Pro, processed form. C, Localization of reporter proteins. Transformed protoplasts were
observed 12 h after transformation. Green, red, and yellow signals represent GFP, chlorophyll autofluorescence, and the overlap between
green and red signals, respectively. Scale bar = 20 um. D, Membrane integration of Tha4-f[T2,6-P/A]:GFP precursors. Protein extracts were
treated with 100 mm Na,CO; or 1% Triton X-100 followed by ultracentrifugation. Untreated extracts were included as control. Soluble and
pellet fractions were analyzed by western blotting with anti-GFP antibody. Hsp93 and LHCB4 were used as controls for peripheral and integral
membrane proteins, respectively. T, total protein; S, soluble fraction; P, pellet fraction; Pre, precursor form; Pro, processed form.

Thad-f{T2,6-PIA]

Tha4 (Fig. 3). We found that Tha4-f:GFP produced a ring
pattern surrounding chloroplasts in hsp93-V protoplasts,
similar to Tha4-f[12,6-P/A]:GFP in wild-type protoplasts,
whereas Tha4-fATMD:GFP and Tha4[1-61]:GFP localized
to the cytosol and chloroplasts, but not to the chloroplast
envelope membranes, similar to RbcS-nt:GFP and Cab-nt:
GFP (Figs 2C and 3A; Lee et al., 2015). Thus, for TMD-
containing protein precursors, the mistargeting pattern
observed with TP P/A substitution mutants (lacking Pro)
in wild-type protoplasts was identical to that observed
with wild-type TPs in hsp93-V protoplasts. These results
further support the conclusion that Pro residues in TPs are
crucial for efficient translocation of chloroplast preproteins
through the envelope membranes.

Next, we examined Tha4-f[T2,6-P/A]:GFP import in
hsp93-V protoplasts. The majority of Tha4-f[T2,6-P/Al:
GFP was isolated as the protein precursor, and only a
minor fraction was isolated as the processed protein, in-
dicating that the Tha4-f[T2,6-P/A]:GFP import efficiency
was substantially lower than that of Tha4-f:GFP in hsp93-V
protoplasts (Fig. 3B). Tha4-f[12,6-P/A]:GFP localization
was examined in hsp93-V protoplasts. Tha4-f[T2,6-P/Al:
GFP formed a ring pattern surrounding the chloroplast,
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similar to that of Tha4-f:GFP in hsp93-V protoplasts, indi-
cating that Tha4-f[T2,6-P/ A]:GFP was inappropriately
inserted into the chloroplast envelope membranes in
hsp93-V protoplasts (Fig. 3C). We biochemically tested the
exact location of GFP in protoplasts and found that pre-
cursors copurified with chloroplasts and were sensitive to
thermolysin treatment, indicating that the GFP moiety was
exposed to the cytosol (Fig. 3B). By contrast, coexpressed
cytosolic RFP was not detected in the chloroplast fraction,
confirming proper fractionation. These results suggest that
the defect caused by the TP P/ A mutation is additive to the
defect caused by the loss-of-function Hsp93-V mutation.

Inappropriate Insertion of TMD-Containing Preproteins
into the Chloroplast Outer Envelope Occurs during
Translocation but Not by Direct Targeting from

the Cytosol

We examined how Tha4-{f[T2,6-P/A]:GFP and Tha4-
f:GFP localize to the chloroplast envelope membranes
in wild-type and hsp93-V protoplasts, respectively. This
could occur either during translocation through enve-
lope membranes or by direct insertion into the outer
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Figure 3. Pattern of Tha4-f[T2,6-P/A]:GFP localization in wild-type protoplasts is identical to that of Tha4-f:GFP in hsp93-V
protoplasts. A, Localization of reporter proteins. Transformed protoplasts were observed 12 h after transformation. Green, red,
and yellow signals represent GFP, chlorophyll autofluorescence, and the overlap between green and red signals, respectively.
Scale bar =20 um. B, Localization of Tha4-f[T2,6-P/Al:GFP in hsp93-V protoplasts. Chloroplasts were isolated and analyzed as
described in Figure 1D. Protoplasts were gently lysed and treated with thermolysin. Subsequently, protein extracts were analyzed
by western blotting using anti-GFP and anti-Tic110 antibodies. Pre, precursor form; Pro, processed form; T, total protein; CH,
chloroplast fraction; RbcL, loading control. C, Localization of Tha4-f[T2,6-P/A]:GFP at chloroplast envelope membranes in
hsp93-V protoplasts transformed with the indicated constructs and observed 12 h after transformation.

membrane from the cytosol. To test these possibilities,
we used ppi2 plants, which have a T-DNA insertion at
AtToc159 and display an albino phenotype (Bauer et al.,
2000). In ppi2 protoplasts, the initial binding of
TP-containing preproteins to the Toc complex is criti-
cally disrupted, resulting in cytosolic localization of
unimported RbcS-nt:GFP preproteins (Lee et al., 2009a,
2015). However, direct insertion of TMD-containing
proteins into the outer envelope membrane does not
require AtToc159 (Tu and Li, 2000). First, we examined
whether chloroplast import of Tha4-f:GFP is dependent
on AtToc159. Tha4-f:GFP was transformed into proto-
plasts of wild-type and ppi2 plants (Fig. 4). Tha4-f:GFP
gave a punctate-staining pattern at chloroplasts in ppi2
protoplasts as in wild-type protoplasts (Figs. 2C and
4A), indicating that Tha4-f:GFP is imported into chlo-
roplasts. In the absence of AtToc159, AtToc159-
dependent cargoes can be imported into chloroplasts
via a AtToc132/120-dependent manner (Bischof et al.,
2011). However, in contrast to wild-type protoplasts,
ppi2 protoplasts also showed diffuse signals in the cy-
tosol (Fig. 4A), indicating that a significant portion of
Tha4-f:GFP remains in the cytosol. Moreover, the
presence of GFP signals in the cytosol confirmed that
ppi2 plants have a defect at an early cytosolic step
during Tha4-f:GFP import into chloroplasts as reported
earlier with RbcSnt:GFP (Lee et al., 2009a, 2015). Western-blot
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analysis showed that a significant portion of Tha4-f:GFP
was detected as precursor forms in ppi2 protoplasts,
confirming the image results (Fig. 4B). Fractionation fol-
lowed by western-blot analysis showed that Tha4-f:GFP
precursors were detected at both the soluble and pellet
fractions of ppi2 protoplasts, whereas Tha4-f:GFP pre-
cursors were largely detected at the pellet fraction of
hsp93-V protoplasts (Fig. 4, B and C). The presence of
Tha4-f:GFP precursors at the soluble fraction is consistent
with the image of Tha4-f:GFP. In addition, the presence of
Tha4-f:GFP precursors at the pellet fraction suggests its
association with chloroplasts. However, Tha4-f:GFP did
not produce the ring pattern in ppi2 protoplasts as ob-
served in hsp93-V (Fig. 3A), raising the possibility that the
location of Tha4-f:GFP precursors at ppi2 chloroplasts is
different from that at #sp93-V chloroplasts. These results
suggest that insertion of Tha4-f:GFP into chloroplast outer
membrane in hsp93-V protoplasts occurs during translo-
cation, but not by direct insertion from the cytosol.
Next, we examined import of Tha4-f[T2,6-P/A]:GFP
in ppi2 protoplasts. Tha4-fT2,6-P/A]:GFP was trans-
formed into ppi2 protoplasts and its localization was
examined. In contrast to the localization in wild-type
protoplasts, Tha4-f[T2,6-P/A]:GFP formed large ag-
gregates near chloroplasts (indicated by arrows), to-
gether with a few rings surrounding the poorly
developed chloroplasts in ppi2 protoplasts (Fig. 4A).
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Figure 4. TPs lacking Pro residues cause mistargeting of TMD-containing preproteins to outer envelope membranes. A,
Localization of reporter proteins. The ppi2 protoplasts were transformed with the indicated constructs, and GFP patterns were
observed 12 h after transformation. Green, red, and yellow signals represent GFP, chlorophyll autofluorescence, and the overlap
between green and red signals, respectively. Scale bar = 20 um. B and C, Subcellular fractionation. Protein extracts were sep-
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antibody. AALP and Tic110 were used as controls for soluble and membrane proteins, respectively. T, total protein; S, soluble
fraction; P, pellet fraction; Pre, precursor form; Pro, processed form.

Western-blot analysis showed that the import efficiency
of Tha4-f[T2,6-P/ A]:GFP was more severely affected in
ppi2 protoplasts than in wild-type protoplasts (Fig. 4, A
and B). Fractionation followed by western-blot analysis
showed that most Tha4-f[T2,6-P/A]:GFP proteins were
detected at the pellet fraction, with only a small pro-
portion at the soluble fraction (Fig. 4B). These results
suggest that combination of P/A mutation in TP and
the mutation at AtToc159 results in severe inhibition of
Tha4-f[T2,6-P/A]:GFP import into chloroplasts. Cyto-
solically localized precursors of Tha4-f[T2,6-P/A]:GFP
may form nonspecific aggregates in ppi2 protoplasts,
which might be due to prolonged duration of TMD-
containing preproteins with Pro-less TP having re-
duced flexibility (Bruce, 2000). It is possible that a cer-
tain portion of both Tha4-f:GFP and Tha4-f[T2,6-P/A]:
GFP was still imported into poorly developed
chloroplasts through a AtToc159-independent, but
AtToc132/120-dependent manner in ppi2 protoplasts
(Bischof et al., 2011). Even if Tha4-f[T2,6-P/A]:GFP was
delivered to the import channel via an AtToc132/120-
dependent manner, the lack of prolines in TPs may lead
to insertion of Tha4-f[T2,6-P/A]:GFP into the envelope
membranes, thereby displaying a ring pattern around
poorly developed chloroplasts in ppi2 protoplasts (Fig.
4A). These results suggest that membrane insertion of
Tha4-f:GFP (in hsp93-V protoplasts) and Tha4-f[2,6-P/
A]:GFP precursors (in wild-type and hsp93-V proto-
plasts) occurs after the step requiring AtTocl59, possi-
bly during translocation through the Toc75 channel, but
not by direct insertion from the cytosol.
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The Role of Pro in Translocation through Chloroplast
Import Channels Is a General Feature of TPs

P/ A substitution in the TP of Tha4 caused a signifi-
cant defect in precursor protein import, whereas the
equivalent substitution in the RbcS TP caused only a
marginal defect (Fig. 1, E and G). To test whether the
defect was TP-specific, we generated the chimeric
construct RbcS[1-61]Tha4-f:GFP by replacing Tha4[1-41]
with RbcS[1-61] in such a way that the chimeric con-
struct contained 81 residues in front of the TMD (Fig.
5A), which was almost the same length as RbcS-nt.
Previous studies showed that the length of TP is criti-
cal for the efficient import of preproteins into chloro-
plasts (Lee et al., 2008; Bionda et al., 2010). RbcS[1-61]
Tha4-f:GFP was efficiently imported into chloroplasts
similarly as Tha4-f:GFP (Fig. 5, B and C), indicating that
RbcS[1-61] was functional in the chimeric construct.
However, RbcS[1-61]Tha4-f:GFP produced two pro-
cessed forms (Fig. 5B) and both of them were copurified
with chloroplasts, indicating that they are imported
into the chloroplast (Fig. 5D). It is possible that RbcS[1-
61]Tha4-f:GFP has two processing sites, each of them
from RbcS[1-61] and Tha4[41-61]. In fact, RbcS[1-61]
has a processing site at the amino acid position 54 and
Tha4 TP has a processing site at the amino acid position
59 (Fig. 5A). Next, we introduced the same P/A mu-
tations in RbcS[1-61] that were introduced into RbcS-nt
[P/A] to generate RbcS[1-61][P/ A]Tha4-f:GFP. RbcS[1-
61][P/A]Tha4-f:GFP was not delivered into chloro-
plasts, thereby showing more severe import defects
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than Tha4-f[2,6-P/A]:GFP (Fig. 5B). RbcS[1-61][P/A]
Tha4-f:GFP exclusively localized to the chloroplast en-
velope membrane, indicating a conserved role for Pro
residues in preprotein translocation through import
channels (Fig. 5C). To further test this idea, we exam-
ined RbcS[1-61][P/A]Tha4-f:GFP import in hsp93-V
protoplasts. Both RbcS[1-61]Tha4-f:GFP and RbcS[1-61]
[P/ A]Tha4-f:GFP localized to the chloroplast envelope
membranes in hsp93-V protoplasts (Fig. 5C). The
unimported precursor of RbcS[1-61][P/A]Tha4-f:GFP
was copurified with chloroplasts and thermolysin-
sensitive, indicating that the C-terminal region of this
construct is exposed to the cytosol (Fig. 5D and 5E).

Next, to test whether the TP among different TMD-
containing preproteins is functionally equivalent in
protein import into chloroplasts, we generated Cab[1-
61]Tha4-f:-GFP in which Cab[1-61] substituted Tha4[1-
61] in Tha4-f:GFP (Fig. 5F). This construct was efficiently
imported into chloroplasts and mostly present as a
processed form (Fig. 5, G-K), indicating that Cab[1-61]
is functionally equivalent with Tha4[1-61] in protein
import into chloroplasts. However, in the case of its P/
A substitution mutant, Cab[1-61][P/A]Tha4-f:GFP, the
majority of proteins was not imported into chloroplasts,
but remained at the outer envelope membrane (Fig. 5,
G-K), indicating that again Pro residues in Cab TP also
play a critical role in translocation of a nonnative TMD-
containing cargo.

Pro Residues in TP of Inner Envelope Membrane Protein
AtTic110 Also Are Critical for Translocation across
Chloroplast Envelope Membranes

Most inner envelope membrane proteins are imported
through Toc/Tic translocons (Lee et al., 2017). Among
them, certain proteins such as Tic110 and Tic40 are
inserted into inner envelope membranes via a soluble
intermediate in the stroma (Li and Schnell, 2006; Lee
et al.,, 2017). We examined whether Pro residues of
Tic110 TP are important for translocation. Tic110[N681]:
GFP was generated by fusing the N-terminal fragment
containing 681 amino acid residues of AtTic110 to the N
terminus of GFP (Fig. 6A). This construct displayed a ring-
like pattern around chloroplasts (Fig. 6B). In addition,
western-blot analysis showed that Tic110[N681]:GFP was
present predominantly as the processed form and resis-
tant to thermolysin, indicating that Tic110[N681]:GFP
localizes at the inner envelope membrane (Fig. 6, B-E). To
examine the role of Pro residues in TP of Ticl110, we
generated Tic110[N681][P/A]:GFP in which 7 Pro resi-
dues in the TP were substituted with alanines and ex-
amined for localization in protoplasts. Tic110[N681][P/
AJ:GFP also localized to chloroplasts and gave a ring
pattern (Fig. 6, B and C). However, Tic110[N681][P/A]:
GFP produced largely precursor forms. Unimported
precursor of Tic110[N681][P/ A]:GFP was copurified with
chloroplasts but sensitive to thermolysin, indicating that
Tic110[N681][P/A]:GFP localizes to outer envelope
membranes (Fig. 6, D and E). These results suggest that

670

Pro residues in TPs are crucial for the efficient translo-
cation of membrane proteins destined to both inner
envelope membranes and thylakoid membranes.

Pro Residues in TPs Are More Important in TMD-Containing
Proteins Than Soluble Stromal Proteins

Previously, multiple sequence motifs were identified
in RbcS TP (Lee et al., 2006, 2009a). In addition, we
showed that the functionality of sequence motifs is
dependent on the overall sequence contexts of TPs (Lee
et al., 2015). We tested functionality of sequence motifs
in RbcSnt in the context of RbcS[1-61]Tha4-f:GFP.
Among many sequence motifs, the N-terminal MLM
and internal FP-RK are the most crucial motifs in pro-
tein import into chloroplasts in the context of RbcS-nt:
GFP (Lee et al., 2006, 2009a, 2015; Razzak et al., 2017).
We substituted MLM and FP-RK motifs with alanines
in RbcS[1-61]Tha4-f:GFP to give RbcS[1-61][MLM/3A]
Tha4-f:GFP and RbcS[1-61][FP-RK/4A]Tha4-f:GFP, re-
spectively (Fig. 7A) and examined for their import into
chloroplasts. Both of these proteins were modestly af-
fected whereas RbcS[1-61][P/A]Tha4-f:GFP showed a
severe defect in protein import into chloroplasts (Fig. 7,
B and C). By contrast, RbcS-nt[P/A]:GFP showed a
mild defect in protein import into chloroplasts (Fig. 1, B
and C). These results indicate that MLM and FP-RK, the
two critical sequence motifs in RbcS TP, are less crucial
in import of the hybrid construct, RbcS[1-61]Tha4-f:
GFP. By contrast, the Pro residues in RbcS TP that
were not crucial for import of RbcS-nt:GFP became
crucial in import of RbcS[1-61]Tha4-f:GFP, suggesting
that Pro residues are more critical for TMD-containing
proteins. Previous studies showed that multiple se-
quence motifs in TPs function together for efficient
protein import into chloroplasts (Lee et al., 2006, 2008,
2009a, 2015; Razzak et al., 2017). Thus, although we did
not pursue in this study;, it is likely that sequence motifs
other than prolines also are important for translocation
of RbcS[1-61][P/A]Tha4-f:GFP.

Pro Residues in TPs Are Crucial for Translocation of
Aggregation-Prone Preproteins

The results shown in Figures 5 to 7 strongly suggest
that the degree of defective import may be dependent
on the cargo type; the presence of a hydrophobic TMD
in a mature protein renders the translocation step
highly dependent on TP Pro residues, whereas soluble
proteins are less dependent on the Pro residues. To
further test this idea, we examined the import of a
protein which does not have any TMD, but is prone to
form nonspecific aggregates due to a defect in folding.
We generated a mutant form of GFP by substituting
V29 with Ala to generate GFP[V29A] (Fig. 8A). V29 is
located in the second exon, which forms a B-barrel
structure that is critical for proper folding and stability
of GFP (Prasad et al., 2010; Lee et al., 2016). IUPred
analysis predicted that the V29A substitution would
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Figure 5. The role of Pro residues in efficient translocation through import channels is independent of the type of transit peptides.
A and F, Sequences of the chimeric TPand its P/A substitution mutant. P/A substitutions are indicated in red. B, H, and I, Western-
blot analysis. Protein extracts from protoplasts transformed with the indicated constructs were analyzed by western blotting using
anti-GFPantibody. Pre, precursor form; Pro, processed form. C and G, Localization of reporter proteins. Protoplasts were observed
12 h after transformation. Green, red, and yellow signals represent GFP, chlorophyll autofluorescence, and the overlap between
green and red signals, respectively. Scale bar =20 um. D andJ, Chloroplast isolation. Chloroplasts were isolated and analyzed as
described in Figure 1D. E and K, Thermolysin sensitivity of precursors. Protoplasts transformed with the indicated constructs were
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antibodies. Pre, precursor form; Pro, processed form.

disrupt the protein secondary structure (Supplemental
Dataset S1; Dosztanyi et al., 2005). First, we tested the lo-
calization of GFP[V29A] in protoplasts. When GFP[V29A]
alone was expressed in protoplasts, the GFP fluorescence
was still visible, suggesting that GFP[V29A] underwent
proper folding (Fig. 8B). However, a significant portion of
GFP[V29A] was present in the pellet fraction after ultra-
centrifugation, and was present as nonspecific aggregates
under nondenaturing conditions, consistent with the pro-
posal that the V29A mutation causes a certain degree of
defective folding (Fig. 8, C and D). Next, we examined the
localization of GFP[V29A] during import into chloroplasts.
RbcSnt:GFP[V29A] was imported into chloroplasts with
an efficiency comparable to that of RbcS-nt:GFP (Fig. 8C).
However, a significant portion of processed (imported)
forms were present in the pellet fraction (Fig. 8C), indi-
cating that a fraction of imported GFP[V29A] was not
properly folded in chloroplasts, consistent with the idea
that it exhibits a defect in folding.

To test the effect of the P/A mutation on GFP[V29A]
import, we generated RbcSnt[P/AJ:GFP[V29A] and ex-
amined its import into chloroplasts. The amount of pre-
cursors was significantly higher than that with RbcSnt:
GFP[V29A] and RbcSnt[P/A]:GFP (Fig. 1C and 8E), in-
dicating that Pro residues were crucial for the efficient
import of GFP[V29A]. We determined the localization of
precursors by purifying chloroplasts and performing

western blotting using anti-GFP antibody. Precursors and
processed forms were both primarily localized in chloro-
plasts, confirming that precursors of RbcS-nt[P/A]:GFP
[V29A] were targeted to chloroplasts but not fully impor-
ted (Fig. 8E). Precursors were sensitive to thermolysin, in-
dicating that the GFP moiety was exposed to the cytosol
(Fig. 8F). A significant portion of RbcS-nt[P/A]:GFP
[V29A] was detected as high M, aggregates in both SDS-
PAGE and nondenaturing native conditions (Fig. 8G).

To examine whether the effect of P/ A substitution on
GFP[V29A] also occurred with other TPs, we generated
Cab-nt:GFP, Cab-nt:GFP[V29A], Cab-nt[P/A].GFP, and
Cab-nt[P/A]:GFP[V29A], and transformed them into
protoplasts (Supplemental Fig. S2). Cab-nt:GFP[V29A]
was imported into chloroplasts as efficiently as Cab-nt:
GFP. However, the import efficiency of Cab-nt[P/A]:
GFP[V29A] was greatly affected like RbcS-nt[P/A]:GFP
[V29A] (Fig. 8E), confirming that prolines in TPs have a
crucial role in the import of preproteins that are prone
to forming aggregates (Supplemental Fig. S2, A and B).

DISCUSSION

In this study, we present evidence that Pro residues
in TPs have a crucial role in the translocation (import) of
chloroplast proteins, particularly for TMD-containing

Figure 5. (Continued.)

gently lysed and treated with thermolysin. Subsequently, protein extracts were analyzed by western blotting using anti-GFP,
anti-Toc159, and anti-Tic110 antibodies. Pre, precursor form; Pro, processed form.
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Figure 7. Pro residues in TP are more important for import of TMD-containing membrane proteins than soluble proteins. A,
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or aggregation-prone proteins. Previously, Pro residues
were thought to be crucial for the unstructured nature
of the TP (Pilon et al., 1995; Bruce, 2000), as they prevent
the formation of secondary structural elements in
polypeptides (Guzzo, 1965). However, our results
showed that all precursors of RbcS, Tha4, Cab, and
Tic110 with TPs containing P/A substitutions largely
localized to chloroplast envelope membranes in live
cells, and were detected in membrane fractions after
centrifugal separation into soluble and membrane
fractions. These results suggest that prolines in TPs are
not involved at early stages of protein import such as
binding to the import receptors. The import of proteins
supported by mutant TPs with P/A substitutions was
still dependent on AtToc159, which was observed pre-
viously for RbcS-nt (Lee et al., 2009a, 2015). The amount
of Tha4-f:GFP precursors at the envelope membrane was
significantly reduced in ppi2 protoplasts, suggesting that
the insertion of both Tha4-f:GFP (in hsp93-V protoplasts)
and Tha4-f[T2,6-P/A]:GFP (in wild-type and hsp93-V
protoplasts) into the chloroplast envelope membrane
occurs after the Toc159-dependent step. This is consis-
tent with a previous study showing that the central Pro-
rich region (P;5—P,,) of ferredoxin TP serves as a motif
for a later step during chloroplast protein import (Pilon
et al., 1995; Bruce, 2000).

What is the role of Pro residues during late steps of
protein import into chloroplasts? We reasoned that the
localization of preproteins with TPs lacking prolines
may provide insight into the role of prolines in protein
import into chloroplasts. The localization pattern of
Tha4-f[T2,6-P/A]:GFP was phenocopied by Tha4-f:
GFP in hsp93-V plants, and import of Tha4-f[T2,6-P/
A]:GFP was more severely affected in hsp93-V plants.
These results may provide an important clue to the role
of Pro residues in TPs. Hsp93-V is a stromal chaperone
that is physically associated with the Tic complex and
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proposed to function in pulling preproteins released
from the Tic complex (Chou et al., 2006; Huang et al.,
2016; Chu and Li, 2012). The dependency of import on
Pro residues became more pronounced with proteins
containing TMDs in their mature regions, but not with
the type of TPs. Consistent with this result, an identi-
cally mutated P/A TP showed more severe import
defects with the aggregation-prone GFP[V29A] than
with the wild-type GFP. Thus, proteins with a hydro-
phobic domain or an unstructured region are more
difficult to pass through the channels than soluble
polypeptides. These results raise an intriguing possi-
bility that the nature of the mature regions has a large
influence on the translocation efficiency. Indeed, pre-
vious studies showed that mature regions of chloro-
plast proteins can affect the import efficiency (Ko and
Ko, 1992). Currently, it is not known why TMD-
containing proteins or aggregation-prone polypep-
tides have greater difficulty in translocation through
import channels.

The import process can be divided into multiple
distinct steps that occur immediately after translation
on ribosomes. Nascent preproteins must navigate
through the cytosol to bind to chloroplast-localized
import receptors or chloroplast lipids. This cytosolic
step may be facilitated by the guidance complex in-
volving Hsp70/14-3-3 and Hsp90, depending on the
type of TPs (May and Soll, 2000; Qbadou et al., 2006).
The hydrophobicity of the N-terminal region may
contribute to binding of preproteins to chloroplasts. For
example, the MLM motif in the RbcS TP is important at
the cytosolic step (Lee et al., 2006). During the early
steps of protein import into chloroplasts, preproteins
are recognized at the chloroplast surface by receptors
such as Tocl59, Toc132/120, Toc90, Toc33/34, and
Toc64 (Li and Chiu, 2010). Specific sequence motifs
such as FNGLK, Ser residues, or the T5 segment of the
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Figure 8. Pro residues in TPs are crucial for efficient translocation of aggregation-prone preproteins through import channels. A,
Partial sequences of wild-type GFP and GFP[V29A]. B, Localization of reporter proteins. Protoplasts were observed 12 h after
transformation. Green, red, and yellow signals represent GFP, chlorophyll autofluorescence, and the overlap between green and
red signals, respectively. Scale bar = 20 um. C, Subcellular fractionation. Protein extracts were separated into soluble and pellet
fractions by ultracentrifugation, and fractions were analyzed by western blotting with anti-GFP antibody. AALP and VSR were
used as controls for the soluble and pellet fractions, respectively. T, total protein; S, soluble fraction; P, pellet fraction; Pre,
precursor form; Pro, processed form. D and G, Analysis of reporter proteins using SDS-PAGE and nondenaturing native PAGE.
Total protein extracts were analyzed by SDS-PAGE and nondenaturing native PAGE, followed by western blotting using anti-GFP
antibody. Pre, precursor form; Pro, processed form. E, Association of RbcS-nt[P/A]:GFP[V29A] preproteins with chloroplasts.
Protoplasts were transformed with RbcS-nt[P/A]:GFP[V29A] together with RFP. Chloroplasts were isolated from protoplasts 12 h
after transformation using a Percoll gradient. Total and chloroplast fractions were analyzed by western blotting using anti-GFPand
anti-RFP antibodies. RbcL was used as a loading control. T, total protein; CH, chloroplast fraction; Pre, precursor form; Pro,
processed form. F, Sensitivity of RbcS-nt[P/A]:GFP[V29A] preproteins to thermolysin. Gently lysed protoplast extracts were
treated with thermolysin and then analyzed by western blotting using anti-GFP, anti-Toc159, and anti-Tic110 antibodies. Pre,
precursor form; Pro, processed form; T, total protein; CH, chloroplast fraction; RbcL, loading control.
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RbcS TP are thought to be involved in this step
(Chotewutmontri et al., 2012; Lee et al., 2009a). The next
step is translocation through import channels at both
outer and inner envelope membranes, which should be
mediated by the N-terminal TPs. At the outer envelope
membrane, Toc75 constitutes the import channel. At
the inner envelope membrane, Tic20 is thought to form
the import channel (Kikuchi et al., 2013). Currently, it is
not fully understood how the TPs mediate translocation
through the import channels. Many proteins are pre-
sent at the stromal side of inner envelope membranes,
including atTic40 and atTic110, and chaperones such as
Hsp93, cpHsc70, and Hsp90C. They may function in
pulling chloroplast proteins through the import chan-
nel into the stroma (Su and Li, 2010; Chu and Li, 2012;
Inoue et al., 2013). However, the exact sequence motifs
involved in these steps are not well defined, and it is not
fully understood how this occurs. One prevailing hy-
pothesis is that chaperone complexes are involved in
the pulling process, which resembles the molecular
ratchet involved in protein import into mitochondria
(Yamano et al., 2008; Esaki et al., 1999). Multiple cha-
perones such as Hsp93-V/III, cpHsc70-1/2, and
Hsp90C are essential for pulling preproteins and en-
suring complete translocation. Our results suggest that
TPs lacking prolines can deliver proteins to chloro-
plasts, but cannot support their efficient translocation
through import channels. These results raise an in-
triguing possibility that these chaperones may not be
able to pull preproteins with TPs containing few pro-
lines into the stroma. However, at this point we cannot
rule out the possibility that the Pro residues in TPs
also have a role during the TP translocation through
the import channel before they bind to the pulling
machinery.

Another important feature resulting from the import
defect is that TMD-containing proteins are inserted into
the outer envelope membranes. This conclusion is
based on the results showing that preproteins formed a
ring pattern similar to that of outer envelope membrane
proteins such as GFP-tagged OEP7 (Lee et al., 2001).
The exact mechanism of how preproteins are inserted
into the outer envelope membrane is not clearly un-
derstood. Preproteins that engaged import channels
may have four options to proceed during import. One is
forward movement, which leads to complete translo-
cation. However, if the pulling activity is low, precur-
sors stay longer in the import channel, which may result
in (1) trapping within the import channel, (2) retrograde
translocation back into the cytosol, or (3) lateral inser-
tion into the envelope membranes, depending on the
type of protein. Soluble proteins may undergo retro-
grade trafficking to the cytosol (Chou et al., 2003),
where they are subject to degradation via the ubiquitin-
265 proteosomal pathway (Lee et al., 2009b, 2016).
However, retrograde trafficking to the cytosol for pre-
proteins with TMDs may be more problematic because
they are highly prone to form cytotoxic nonspecific
aggregates in the aqueous cytosolic environment. In-
stead, they may be subject to lateral insertion into the
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envelope membranes. Specific mitochondrial and
chloroplast proteins are proposed to be inserted into the
outer or inner envelope membrane by lateral translo-
cation from the import channel (Viana et al., 2010;
Okawa et al., 2014; Harner et al., 2011), and endoplas-
mic reticulum membrane proteins are laterally trans-
located from import channels to membranes (Ismail
et al.,, 2012). The lateral translocation of inefficiently
translocating preproteins with TMDs to outer envelope
membranes may constitute a mechanism by which the
import channel is preserved for efficient translocation
of cargoes. Clogging of the import channels would be
detrimental to biogenesis of the chloroplast proteome.
Consistent with this hypothesis, loss-of-function mu-
tants lacking chaperones involved in translocation ex-
hibit embryonic lethal phenotypes (Inoue et al., 2013;
Kovacheva et al., 2007; Su and Li, 2010). Further eluci-
dation of the mechanisms involved in lateral insertion
from the Toc complex will provide important clues in
understanding protein import into chloroplasts.

In summary, we present evidence that Pro residues in
TPs have a crucial role in efficient translocation through
import channels during protein import into chloroplasts.
The dependency on TP Pro residues was much more
pronounced with preproteins that contain hydrophobic
or aggregation-prone domains in their mature regions.
Moreover, prolines in TPs prevented the inappropriate
insertion of unimported precursors into envelope mem-
branes of chloroplasts. In the future, elucidating the
mechanisms of how TP prolines play roles in preprotein
translocation will be necessary to fully understand the
mechanism of protein import into chloroplasts.

MATERIALS AND METHODS
Plant Growth Conditions

Arabidopsis (Arabidopsis thaliana) (Col-0) was grown on Gamborg B5 plates
in a growth chamber at 22°C to 23°C with a 16-h-light/8-h-dark cycle. Leaf
tissues were harvested from 2- to 3-week-old plants and used immediately for
protoplast transformation. The hsp93-V (Col-0) plants used in this study were
described previously (Su and Li, 2010).

Construction of Reporter Plasmids

P/ A substitution constructs were generated using PCR-based mutagenesis (Lee
et al., 2006). Primer sequences used to generate the reporter constructs are shown in
Supplemental Table S1. To construct Cab-f:HA, the full-length Cab (Cab-f) cDNA was
PCR amplified from an Arabidopsis ¢DNA library using primers Xbal-Cab-
f_forward and BgllIl-Cab-f_reverse. PCR products were digested with Xbal and
BgllI, and digested products were ligated to HA-containing expression vectors also
digested with Xbal and BamHI restriction endonucleases. To generate Cab-f[P/A:HA,
the primers used to generate the Cab-nt[P/A]:GFP were used for PCR-based muta-
genesis. To generate Tha4-f:HA and Tha4-f-GFP, the full-length Tha4 cDNA was PCR-
amplified from an Arabidopsis cDNA library using primers Xbal-Tha4-f_forward
and BamHI-Tha4-f_reverse. PCR products were digested with Xbal and BamHI and
ligated to HA-containing expression vectors also digested with Xbal and BamHI. To
generate Tic110[N681]:GFP, the construct containing the full-length cDNA of
AtTic110 was digested with Xbal and BamHI restriction endonucleases. The digested
DNA fragment was ligated to GFP-containing expression vector-digested Xbal and
BamHI. To generate Tic110[N681][P/Al:GFP construct, the primers Tic110[P/A]-T
and sGFP-s5 were used for PCR-amplification. The PCR product was digested with
Xbal and BamHI restriction endonucleases, and the digested DNA fragment was
ligated to GFP-containing expression vector digested Xbal and BanHI.
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PEG-Mediated Transformation and Import of Reporter
Proteins into Chloroplasts

The reporter plasmid DNA used for PEG-mediated transformation was
purified using Qiagen columns according to the manufacturer’s instructions.
Plasmid DNA was introduced into protoplasts by PEG-mediated transforma-
tion (Jin et al., 2001; Kim et al., 2002; Lee and Hwang, 2011). Images of trans-
formed protoplasts were captured using a fluorescence microscope (Zeiss Axio
Plan 2; Jin et al., 2001; Lee et al., 2008). More than 50 GFP-positive protoplasts
were observed in each transformation, and GFP images shown in each figure
are representative of those observed in more than 95% of protoplasts.

Subcellular Fractionation of Protoplast Extracts and
Chloroplast Isolation

Protoplasts were collected and resuspended in 300 wL buffer (20 mwm Tris-HCI,
pH 7.5, 2.5 mm MgCl,, 1 mm EDTA, pH 8.0, 160 mm NaCl, and protease inhib-
itor cocktail), followed by brief sonication. Samples were centrifuged at 3,000¢ for
10 min to remove debris. Soluble fractions were further incubated on ice or treated with
Na,CO; (pH 11.5) or Triton X-100 at final concentrations of 100 mm or 1%, respectively,
on ice for 30 min, followed by ultracentrifugation at 100,000g. Supernatant (soluble)
and pellet fractions were collected separately for further analysis.

Chloroplasts were isolated from protoplasts using a Percoll gradient (Lee
etal., 2008). Protein extracts from total and chloroplast fractions were prepared
as follows. Protoplasts and isolated chloroplasts were resuspended in 300 uL
buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 1 mm EDTA, 1% Triton X-100,
and protease inhibitor cocktail), followed by brief sonication. Sonicated samples
were subject to centrifugation at 3,000¢ for 10 min to remove debris. Superna-
tants were mixed with protein loading buffer and then boiled for 5 min. After
separation by SDS-PAGE, protein samples were analyzed by western blotting.

Antibodies

Western-blot analysis was performed using mouse anti-GFP (Clontech,
1:5,000 dilution), rabbit anti-RFP (1:2,000 dilution; Lee et al., 2006, 2008, 2009a),
rabbit anti- Arabidopsis aleurain-like protein (AALP; 1:5,000 dilution; Lee et al.,
2006), rabbit anti-VSR (1:2,000 dilution; Kang et al., 2012), rabbit anti-Tic110
(1:2,000 dilution; Lee et al., 2001), rabbit anti-Hsp93 (Agrisera, AS01 001, 1:2,500
dilution), and anti-Lhcb4 (Agrisera, AS04 045, 1:2,500 dilution) antibodies.

Thermolysin and Trypsin Treatments

Protoplasts were gently lysed in 300 uL ice-cold HMS buffer (50 mm HEPES,
pH 8.0, 3 mmMgSO,, and 300 mwm sorbitol) by repeated pipetting. Subsequently,
lysed protoplasts were treated with thermolysin or trypsin on ice, followed by
quenching with 10 mm EDTA and soybean (Glycine max) trypsin inhibitor
(Froehlich, 2011). After that, protein extracts were mixed with protein loading
buffer and boiled for 5 min. Protein samples were analyzed by western blotting
using anti-GFP, anti-RbcL, and anti-Lhcb4 antibodies.

Nondenaturing Native PAGE

Nondenaturing native PAGE analysis was performed as described previ-
ously (Bollag and Edelstein, 1991).

Accession Numbers

Sequence data generated during this work can be found in the Arabidopsis
Genome Initiative or GenBank/EMBL databases under the following accession
numbers: RbcS, At1g67090; Cab, At3g54890; Hsp93-V, At5g50920; Tha4,
At5g28750; and AtTic110, At1g06950.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Pro residues in the Cab TP affect preprotein
translocation into chloroplasts.

Supplemental Figure S2. Pro residues in the Cab TP are crucial for efficient
translocation of an aggregation-prone preprotein.
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Supplemental Table S1. Primers used in this study.

Supplemental Dataset S1. IUPred analysis of GFP[V29A] predicts a par-
tially unstructured conformation.
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