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Chi-Chou Chiu, Lih-Jen Chen, and Hsou-min Li*

Institute of Molecular Biology, Academia Sinica, Taipei 11529, Taiwan

Toc12 is a novel ] domain-containing protein identified in pea (Pisum sativum) chloroplasts. It was shown to be an integral outer
membrane protein localizing in the intermembrane space of the chloroplast envelope. Furthermore, Toc12 was shown to
associate with an intermembrane space Hsp70, suggesting that Tocl2 is important for protein translocation across the
chloroplast envelope. Toc12 shares a high degree of sequence similarity with Arabidopsis (Arabidopsis thaliana) Dna]-J8, which
has been suggested to be a soluble protein of the chloroplast stroma. Here, we isolated genes encoding DnaJ-J8 from pea and
found that Tocl2 is a truncated clone of one of the pea Dna]J-J8s. Protein import analyses indicate that Toc12 and Dna]J-J8s
possess a cleavable transit peptide and are localized in the stroma. Arabidopsis mutants with T-DNA insertions in the DnaJ-J8
gene show no defect in chloroplast protein import. Implications of these results in the energetics and mechanisms of

chloroplast protein import are discussed.

Most chloroplast proteins are encoded by the nu-
clear genome and synthesized in the cytosol as higher
molecular mass precursors with an N-terminal exten-
sion known as the transit peptide. Precursor proteins
are imported into chloroplasts through a translocon
complex located at the chloroplast envelope. Trans-
locon components associated with the outer mem-
brane are called Toc (for translocon of the outer
envelope membrane of chloroplast) proteins, and
those associated with the inner membrane are called
Tic (for translocon of the inner envelope membrane of
chloroplast) proteins. Cleavage of the transit peptide
from the precursor by a specific stromal processing
peptidase during translocation results in the produc-
tion of the lower molecular mass mature protein.
Various translocon components have been assigned
functions in the basic steps of the import process (for
review, see Inaba and Schnell, 2008; Jarvis, 2008; Li and
Chiu, 2010). For example, Toc159 (the no. indicates the
calculated molecular mass of the protein) and Toc34
are receptors for the transit peptides, and Toc75 is the
protein-translocating channel across the outer mem-
brane. Toc64, on the other hand, has a dual function: it
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serves as a docking site for the cytosolic Hsp90
through its cytosolic domain and as a scaffold for
translocon components located in the intermembrane
space through its intermembrane space domain (Qbadou
et al., 2007).

Protein import into chloroplasts involves at least
two distinct ATP-consuming steps. The first step is
called “early import intermediate” or “docking,” in
which less than 100 um ATP is required and precursors
are translocated across the outer membrane and come
into contact with translocon components in the inner
membrane (Olsen et al., 1989; Kouranov and Schnell,
1997; Inaba et al., 2003; Inoue and Akita, 2008). It has
been shown that the ATP is used in the intermembrane
space (Olsen and Keegstra, 1992), most likely by a
yet unidentified intermembrane space Hsp70 called
imsHsp70 or Hsp70-IAP (ims for “intermembrane
space” and IAP for “import intermediate-associated
protein”; Marshall et al.,, 1990; Schnell et al., 1994;
Qbadou et al., 2007). The second ATP-consuming step
is the complete translocation of precursors across the
two envelope membranes into the stroma. This step
requires about 1 mm ATP. The ATP is most likely used
by the stromal Hsp93 and chloroplast Hsc70 associ-
ated with the translocon to drive protein translocation
into the stroma (Nielsen et al., 1997; Shi and Theg,
2010; Su and Li, 2010).

Hsp70 family proteins are involved in many cellular
processes, including protein folding, protein translo-
cation across membranes, and regulation of protein
degradation. Hsp70 proteins are often recruited to
perform a certain function by specifically localized ]
domain-containing proteins. The ] domain-containing
proteins interact with Hsp70 when Hsp70 is bound to
ATP and stimulate ATP hydrolysis by Hsp70. The
specific ] domain-containing cochaperone that recruits
the stromal chloroplast Hsc70 to the inner envelope
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membrane to assist in protein translocation has not
been identified. The specific ] domain-containing co-
chaperone for imsHsp70 for its function in protein
import into chloroplasts is proposed to be a protein
named Toc12 (Becker et al., 2004).

Toc12 was identified as a novel ] domain-containing
protein from pea (Pisum sativum) chloroplasts. It be-
longs to the type III ] domain proteins containing only
the ] domain without the Gly- and Phe-rich domain
(G/F domain) and the zinc-finger domain originally
found in Escherichia coli Dna]. It has been shown that
the protein is synthesized at its mature size of 103
amino acids without a cleavable transit peptide. After
import, the protein has been shown to anchor in the
outer membrane by its N-terminal part, which has
been suggested to form a B-barrel-type domain. Its
C-terminal part, composed of the ] domain, has been
shown to localize in the intermembrane space. Toc12
has been shown to associate with imsHsp70. Toc12 and
imsHsp70 interact with the intermembrane space do-
main of Toc64, which in turn associates with another
intermembrane space translocon component, Tic22.
It is proposed that the Toc12-imsHsp70-Toct4-Tic22
complex mediates protein translocation across the
intermembrane space through specific precursor bind-
ing and ATP hydrolysis (Becker et al., 2004; Qbadou
et al., 2007). However, the existence of imsHsp70 has
only been shown on immunoblots by its reactivity to
the monoclonal antibody SPA820 raised against hu-
man Hsp70. Its encoding gene has never been identi-
fied. The Arabidopsis (Arabidopsis thaliana) Hsp70
gene family has 14 members. Only two of them are
localized in chloroplasts, and both have been shown to
locate in the stroma (Ratnayake et al., 2008; Su and Li,
2008). A recent study has further shown that the major
protein recognized by the SPA820 antibody in pea
chloroplasts is located in the stroma, indicating that
imsHsp70 is most likely a stromal protein (Ratnayake
et al., 2008).

Most translocon components were originally iden-
tified from pea chloroplasts. While all translocon com-
ponents identified from pea have easily recognizable
Arabidopsis homologs, Toc12 seems to be an excep-
tion. The Arabidopsis gene suggested to be the pea
TOC12 homolog, At1g80920 (Inoue, 2007; Jarvis, 2008),
encodes a protein that is much larger than pea Toc12
and is annotated as J8 (referred to as At]8 herein). The
entire pea Tocl2 has a high sequence similarity to the
N-terminal two-thirds of At]J8. AtJ8 contains an extra
C-terminal domain of 60 amino acids that is highly
conserved among J8 proteins from other higher plants.
However, in contrast to pea Toc12, AtJ8 is predicted to
locate in the stroma (Miernyk, 2001; www.arabidopsis.
org). Indeed, a fusion protein consisting of the first 80
amino acids of AtJ8 fused at the N terminus of GFP
was imported into the chloroplast stroma, and ap-
proximately 46 amino acids from the N terminus were
processed after import (Lee et al., 2008), indicating that
the first 46 amino acids of At]8 function as a cleavable
stroma-targeting transit peptide. A T-DNA insertion in
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the AtJ8 gene that causes the truncation of the last
three amino acids results in no visible phenotype.
However, detailed analyses indicate that the mutant
has lower CO, assimilation and Rubisco activity than
the wild type (Chen et al., 2010).

We are interested in identifying ] domain-containing
proteins interacting with stromal Hsp70. As part of the
initial effort, we investigated the suborganellar loca-
tion of J8 and examined the relationship between
Toc12 and ]8. We found that, in pea, there are at least
two genes encoding J8, which we named Ps/8a and
PsJ8b. TOC12 represents part of Ps/8b. Toc12, AtJ8, and
the two PsJ8 proteins could be imported into chloro-
plasts and processed to stromally localized soluble
mature proteins. Four alleles of At]J8 mutants were
analyzed, but none of them showed any defect in the
import of various chloroplast precursor proteins.

RESULTS

Toc12 Is Transcribed from One of the Two Genes
Encoding Ps]8

Through multiple sequence alignment, we found
that pea Tocl2 is extremely similar to the N-terminal
two-thirds of J8 homologs from various legume spe-
cies (Fig. 1). For example, Toc12 is 78.8% identical to
the N-terminal two-thirds of Medicago truncatula J8.
However, all J8s have an extra C-terminal domain
about 60 amino acids in length. Part of this domain is
highly conserved from legumes to Arabidopsis (Fig.
1). Instead of this C-terminal domain, Toc12 has a short
tail of five amino acids not found in any other species.

To isolate J8-encoding genes from pea, we took
advantage of the conservation of the C-terminal do-
main. In J8s of Medicago, castor bean (Ricinus commu-
nis), and soybean (Glycine max), the last 18 bases before
the stop codon have identical DNA sequences (Sup-
plemental Fig. S1). Using this conserved stretch of
sequence to design a reverse primer, part of the 5’
untranslated region (UTR) and the first 11 bases of pea
TOC12 open reading frame to design a forward primer
(Supplemental Table S1; primers PsJ8-R2 and PsJ8-F1,
respectively), and first-strand cDNA reverse tran-
scribed from total pea RNA as templates, we obtained
an approximately 450-bp cDNA fragment by PCR
amplification. Sequencing revealed that the PCR pro-
duct was actually a mixture of two different cDNAs
(Supplemental Fig. S2), which we designated as Ps]8a
and Ps/8b. Clone-specific primers were then designed
to isolate their corresponding genomic clones and to
perform 3’ RACE to identify the authentic cDNA
sequence encoding the C-terminal end and 3’ UTR.

Sequence comparison revealed that Psf8a has nucle-
otide differences from Ps/8b throughout the cDNA
sequence and resulted in 12 amino acid changes,
including a two-amino acid insertion near the N
terminus of Ps]8b (the Ala and Gly of the seventh and
eighth residues in J8b; Fig. 2A, arrowhead). Most
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Figure 1. Toc12 is highly similar to the N-terminal two-thirds of J8 from
various legume species. Sequence alignment of pea Toc12 and J8 from
Medicago (MY8), soybean (Gm)8), castor bean (Rc)8), and Arabidopsis
(AY8) is shown. The predicted transit peptide processing site of AY8
is indicated with an arrow. The conserved tripeptide HPD in the J do-
main is underlined. T-DNA insertion sites of Arabidopsis j§-7 and j§-2
mutants are indicated with white arrowheads.

strikingly, however, Ps]8b contains in the second intron
a 1,229-bp insertion that is absent in Ps[8a (Fig. 2B, red
line).

Toc12 is identical to the N-terminal two-thirds of
Ps]8b in both protein (Fig. 2A) and cDNA (Supple-
mental Fig. S2) sequences except in two places. Resi-
dues 34 and 36 are both Thr in Toc12 but Arg in Ps]8a
and PsJ8b (Fig. 2A, red box). The last six amino acids
and the 3’ UTR of Toc12 are encoded by the sequence
corresponding to the beginning of the second intron of
Psj8b, including part of the 1,229-bp insertion unique
to PsJ8b (Fig. 2, B and C). This result suggests that
TOC12 RNA arises from partially or alternatively
spliced Ps[8b. The difference of Arg versus Thr at
residues 34 and 36 may be attributed to the different
pea varieties used. Using a primer located immedi-
ately after the stop codon of Toc12 in the second intron,
we could indeed amplify a cDNA with the C-terminal
sequence of Toc12, but residues 34 and 36 were still
Arg. Using site-directed mutagenesis, we created a
cDNA clone encoding the exact protein sequence of
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the published Toc12 by changing residues 34 and 36
to Thr.

AtJ8 and PsJ8s Are Localized in the Stroma

We first investigated the suborganellar location of
AtJ8 and the two Ps]8s using in vitro protein import
and fractionation. [*S]Met-labeled J8 proteins were
incubated with isolated pea chloroplasts under import
conditions. At]8 was synthesized as an approximately
21-kD protein (Fig. 3A, AtJ8 panel, lane 1). After
import into chloroplasts, a smaller protein of approx-
imately 16 kD was produced. Chloroplasts after im-
port were further treated with thermolysin or trypsin.
Thermolysin can only degrade proteins exposed on
the cytosolic side of the outer envelope membrane,
while trypsin can digest proteins in the intermem-
brane, as it can penetrate the outer but not the inner
envelope membrane (Cline et al., 1984; Jackson et al.,
1998). The effectiveness of the trypsin treatment was
shown by the degradation of the outer membrane
protein Toc75 and the resistance of Tic110 (Fig. 3A,
lanes 5 and 6), which is an inner membrane protein
with a large stromal domain. The 21-kD AtJ8 was
degraded by thermolysin and trypsin, but the 16-kD
protein produced after import was resistant to both
proteases, indicating that the 16-kD protein was inside
the inner envelope membrane. Thus, it is likely that the
21-kD in vitro-translated protein was the precursor
form and the 16-kD protein was the imported mature
form after removal of the transit peptide. A difference
of 5 kD agrees well with the ChloroP prediction and
the experimental result (Lee et al., 2008) that the first 46
amino acids functions as a cleavable transit peptide.

Trypsin-treated chloroplasts were further lysed hy-
potonically and separated into membrane and soluble
fractions. Most of the 16-kD mature AtJ8 was found in
the soluble fraction, and a small fraction was associ-
ated with the membranes (Fig. 3A, lanes 7 and 8).
However, mature AtJ8 was entirely observed in the
soluble fraction when chloroplasts were treated by
alkaline extraction (Fig. 3A, lanes 9 and 10). These
results indicate that the 16-kD mature At]8 protein is a
soluble stromal protein with a small portion periph-
erally associated with membranes. Control proteins
of the small subunit of ADP-Glc pyrophosphorylase
(APS) and Tic110 were localized to the soluble and
membrane fractions, respectively.

The two Ps]8s were also translated as 21-kD pro-
teins, but a protein with a size slightly larger than 16
kD was also produced, most likely due to internal
initiations from one of the downstream Met residues
(Fig. 3A, PsJ8 panels, lane 1). To check whether this
smaller protein could be imported into chloroplasts,
we abolished translation initiation from the first Met of
Ps]8b by mutating the initiation ATG codon into ATT
and generated the mutant clone Ps/8b-MIx. In vitro
transcription/translation of Ps/8b-M1x indeed pro-
duced a protein that is the same size as the internal
initiation product synthesized from PsJ8b (Fig. 3B,
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Figure 2. Deduced amino acid se-

gg quences and genomic structures of

66 the two Ps/8 genes. A, Toc12 is part

of Ps)8b. Sequence alignment of Ps)8a,
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head. Thr residues at positions 34 and
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TOC12 is a partially spliced or alter-
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» natively spliced RNA of Ps/8b. Exons
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C PsJ8b genomic
PsJ8b protein E A Y V
Toc12 cDNA
Toc12 protein E A Y V V § Y Y Y L

PsJ8b genomic gtgaattgaatttaggggtettcaaaaatttggttaactgatccaaatacttaatcetgaactgaa
GTGAATTGAATTTAGGGGTGTTCAAAAATTTGGTTAACTGATCCAA-TACTTAATCTGAACTGAA

Toc12 cDNA

GAG GCT TAT GTT gtg agt tat tat tat cta taa attttcgttg-caaata

GAG GCT TAT GTT GTG AGT TAT TAT TAT CTA TAA ATTTTCGTTGGCAAATA

[E— and blue lines, respectively. A unique

200 bp 1,229-bp insertion in the second intron
of PsJ8b is shown as a red line. TOC12
cDNA is represented by the pink line.
Sequences of the beginning and end of
the boxed region are shown in C. C,
Detailed sequences of the beginning
and end of the boxed region marked in
B. Nucleotide sequences (same color
code as in B) and deduced amino acid
sequences of Ps/8b and TOCI12 are
shown.

PsJ8b genomic ttgaaccataaaaaacttaaaccatttaaatggttagtaaattg-aattgtttattttaaccaat

Toc12 cDNA

TTGAACCATAAAAAACTTAAACCATTTAAATGGT-AGAAAAT-GTAATGGTT-ATTT-AACCA-T

PsJ8b genomic TcaattaatctaattgagtttaaaaaccaatttaaactcttataaactctttccacaaS ------

Toc12 cDNA TCAAT-AATCTAATTGAGTT-AAAAACCAATT-AAACT-TTATAA

PsJ8b genomic  _____________________ S acccctaattgaattagtagtaataatatgaatgaaat

PsJ8b genomic gatgttcag GTT GCG ATT ACA AAT TTG AGA GAA
PsJ8b protein vV A | T N L R E

lanes 1 and 2). Incubation of PsJ8b-M1x with chloro-
plasts under import conditions resulted in PsJ8b-M1x
associating with chloroplasts, but the proteins re-
mained entirely thermolysin sensitive (Fig. 3B, lanes
4 and 5), indicating that PsJ8b-M1x was only sticking
to the chloroplast surface and could not be imported.

Import of the two Ps]8s into chloroplasts produced
essentially the same results as those from At]J8 import.
For both PsJ8 proteins, a 16-kD mature protein resis-
tant to both thermolysin and trypsin was produced
after import. When trypsin-treated chloroplasts were
lysed hypotonically, most of the imported 16-kD ma-
ture proteins were in the soluble fraction and a small
fraction was associated with the membrane fraction
(Fig. 3B, lanes 7 and 8). When chloroplasts were lysed
by alkaline extraction, all of the imported 16-kD ma-
ture Ps]8s were in the soluble fraction (Fig. 3B, lanes 9
and 10). Results in Figure 3 indicate that AtJ8 and the
two Ps]8s are synthesized as higher molecular mass
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precursors with a cleavable transit peptide and that
the imported mature proteins are soluble and localized
in the stroma.

Toc12 Is Processed to a 7-kD Mature Protein Localized in
the Stroma

Tocl2 is essentially identical to the N-terminal two-
thirds of Ps]8b. Therefore, if PsJ8b has a cleavable
transit peptide, Tocl2 should possess an identical
transit peptide, except residues 34 and 36 are Thr in
Toc12 but Arg in Ps]8b. Yet, Ps]8b is a soluble protein
in the stroma, and Toc12 was shown to be an integral
outer membrane protein. The transit peptide region of
PsJ8b is the region predicted to be a B-barrel-type
membrane anchor in Toc12. To determine whether the
sequence differences in Ps]8b and Toc12 have resulted
in their different localizations, we reinvestigated the
localization of Toc12. [*°S]Met-labeled Tocl2 was in-
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Figure 3. At)8, PsJ8a, and PsJ8b are synthesized as higher molecular
mass precursors with cleavable transit peptides and imported into the
chloroplast stroma. A, Import of At8, PsJ8a, and PsJ8b into isolated pea
chloroplasts. In vitro-translated, [*°S]Met-labeled precursor proteins
(Ivt) and chloroplasts after import of the precursor proteins (Chpt) were
treated with thermolysin or trypsin. Trypsin-treated chloroplasts were
lysed hypotonically (hypo) or treated by alkaline extraction (alka) and
then separated into membrane (M) and soluble (S) fractions. Samples
were analyzed by SDS-PAGE followed by fluorography (for At8 and
Ps)8s) or immunoblotting (for Tic110, Toc75, and APS). pr, Precursor
form; m, mature form. The Ivt lanes contained 1% of the in vitro-
translated proteins used for the import reactions shown in the Chpt
lanes. B, PsJ8b-M1x could not be imported into chloroplasts. In vitro-
translated, [**S]Met-Ps)8b-M1x (Ivt; lanes 2 and 3) and chloroplasts
after import of PsJ8b-M1x (Chpt; lanes 4 and 5) were treated with
thermolysin. All samples were analyzed by SDS-PAGE and fluorogra-
phy. In vitro-translated PsJ8b (lane 1) was also analyzed for size
comparison.

cubated with isolated pea chloroplasts under import
conditions. Chloroplasts after import were treated
with thermolysin. It was reported that Tocl2 was
completely thermolysin resistant after import due to
its localization in the intermembrane space (Becker
et al., 2004). However, we found that about 30% of
Toc12 was already thermolysin resistant even before
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import (Fig. 4, lanes 1-5). After incubation with chlo-
roplasts, the same percentage of Toc12 was thermo-
lysin resistant. The percentage of Tocl2 that was
thermolysin resistant remained unchanged even after
the thermolysin concentration was increased to 400 ug
mL ™! or after the addition of 0.1% Triton X-100 in the
digestion to permeabilize the chloroplasts (Fig. 4, lanes
6-10). Under these conditions, Toc159, an outer mem-
brane protein with a large cytosolic domain, was
degraded by the lowest concentration of thermolysin
without Triton X-100 addition. In comparison, Tic110
became accessible to thermolysin only after Triton
X-100 addition, confirming the effectiveness of the
thermolysin and Triton X-100 treatments (Fig. 4, im-
munoblot panels). These results suggest that some
Toc12 molecules are intrinsically thermolysin resistant,
probably due to their tight folding or aggregation and
not due to protection by the outer membrane. As a
result, thermolysin is not a suitable protease for deter-
mining the location of Toc12.

We noticed that if Tocl2 has a transit peptide like
PsJ8b and the processing of Tocl2 occurs at the
corresponding site to the one predicted for At]8 (Fig.
1, arrow), the mature Toc12 produced after removal of
the transit peptide would contain no Met residues and
thus would not be visible in autoradiographs. There-
fore, we added two Met residues at the C terminus of
Tocl12 by site-directed mutagenesis and named this
protein Toc12MM. When [*S]Met-labeled Toc12MM
was incubated with isolated pea chloroplasts under
import conditions, a 7-kD protein was produced (Fig.
5, lane 5). This 7-kD protein was produced only when
5 mm ATP was added to the import reaction and was
not produced when no ATP was added (Fig. 5, lane 6),
suggesting that it was the mature protein produced

Ivt Chpt
0 200 300 400 200 0 200 300400200 thermolysin (ug/ml)
+ + Triton X-100

6 7 8 9 10

4 5
- .-
- - m:g Fluorograph

Toc159 —

1 2

14.3 kD—h

6.5kD—+

" e

* Immunoblot
Tetto |,

Figure 4. A fraction of Toc12 is intrinsically resistant to thermolysin
digestion. In vitro-translated [*>SIMet-Toc12 before import (Ivt) and
chloroplasts after import of Toc12 (Chpt) were treated with 200, 300, or
400 g mL~" thermolysin or with 200 g mL™" thermolysin plus 0.1%
Triton X-100. Samples were analyzed by SDS-PAGE followed by
fluorography (for Toc12) or immunoblotting (for Toc159 and Tic110).
Lanes 1 to 5 (Ivt) contained 3.6% of the in vitro-translated Toc12 used
for chloroplast import shown in lanes 6 to 10. Toc159 is easily degraded
into various fragments during chloroplast isolation. The full-length
Toc159 is indicated by the arrow, and the major 86-kD degradation
fragment is indicated with the asterisk.
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Figure 5. Toc12MM can be processed into a 7-kD protein after im-
port into chloroplasts. In vitro-translated [*>SIMet-Toc12, [**S]Met-
Toc12MM, and [3SS]Met—erBCS were incubated with isolated pea
chloroplasts in the presence (lanes 2, 5, and 8) or absence (lanes 3, 6,
and 9) of 5 mm ATP. In vitro-translated proteins (Ivt) and chloroplasts
after the import reactions (Chpt) were analyzed by SDS-PAGE and
fluorography. Lanes 1, 4, and 7 represent 0.8%, 0.24%, and 0.24% of
the in vitro-translated proteins used for the corresponding import
experiments, respectively.

after import into chloroplasts. However, possibly due
to its tight folding and tendency to aggregate, the
import efficiency of Toc12MM was very low. Under
identical conditions, no band was visible in the same
region of the Tocl2 import samples either with or
without ATP addition (Fig. 5, lanes 2 and 3). In a
control reaction using the precursor to the small
subunit of ribulose 1,5-bisphosphate carboxylase
(prRBCS), mature RBCS was only produced when
ATP was added, confirming the effectiveness of ATP
addition (Fig. 5, lane 8).

To identify the location of the 7-kD protein pro-
duced after import of Toc12MM, chloroplasts after
import were treated with trypsin. As shown in Figure
6A, after import into chloroplasts, the 7-kD protein
produced after import was trypsin resistant, indicat-
ing that it was inside the inner membrane. When a
high amount of in vitro-translated Toc12MM before
import was analyzed, an internal initial product very
similar in size to the 7-kD mature protein could be
observed (Fig. 6A, lane 1). This internal initiation
product was completely trypsin sensitive, further
supporting the notion that the 7-kD trypsin-resistant
mature protein was produced after importing into
chloroplasts. The same import samples were analyzed
by immunoblotting using antibodies against Toc75
and Tic110. Toc75 was trypsin sensitive and Tic110 was
trypsin resistant, indicating that trypsin had indeed
penetrated the outer but not the inner membrane.

To further analyze whether Toc12MM and the
7-kD mature protein are integral membrane proteins
or soluble proteins, chloroplasts after import of
Toc12MM were lysed and separated into membrane
and soluble fractions. Import of prRBCS and Toc12
was performed as controls. A lower concentration of
ATP was present in the prRBCS reaction in order to
produce a higher amount of prRBCS associated with
the envelope membranes to serve as an envelope
protein control. When chloroplasts were lysed hypo-
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tonically, the 7-kD protein produced after import of
Toc12MM was present both in the membrane and the
soluble fractions. However, when chloroplasts were
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Figure 6. The 7-kD protein produced after import of Toc12MM is
localized in the stroma. A, In vitro-translated [*>S]Met-Toc12MM (Ivt)
and chloroplasts after import of Toc12MM (Chpt) were treated with
trypsin. Samples were analyzed with SDS-PAGE followed by fluorog-
raphy (for Toc12MM) or immunoblotting (for Toc75 and Tic110). The
Ivt lanes contained 0.4% of the in vitro-translated Toc12MM used for
the import reactions shown in the Chpt lanes. B, Fractionation of
Toc12MM, Toc12, and prRBCS after import into chloroplasts. Chloro-
plasts after import of Toc12MM, Toc12, and prRBCS were lysed
hypotonically (hypo) or treated by alkaline extraction (alka) and then
separated into membrane (M) and soluble (S) fractions. Samples were
analyzed by SDS-PAGE followed by fluorography (for imported pro-
teins) or immunoblotting (for Toc75). For Toc12MM and Toc12 import
reactions, 5 mm ATP was added. For the prRBCS import reaction, no
additional ATP was supplied. Import reactions were performed under
light, and the in vitro-translated protein products contained a low
amount of ATP from the in vitro translation system.
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treated by alkaline extraction, all the 7-kD mature
protein was in the soluble fraction. Most Toc12MM
and Tocl2 fractionated with the membranes when
chloroplasts were lysed hypotonically, but more than
half of Toc12MM and Tocl2 were in the soluble frac-
tionation when chloroplasts were lysed by alkaline
extraction (Fig. 6B, lane 4). This membrane association
pattern of Toc12MM and Toc12 was similar to that of
prRBCS bound to the chloroplast envelope, partially
translocated through the translocon (Fig. 6B, prRBCS
panel). In comparison, Toc75, a protein with a B-barrel-
type membrane anchor, was not affected by the alka-
line extraction and was entirely in the membrane
fraction. These results suggest that the 7-kD protein
produced after import of Toc12MM is a soluble protein
with a fraction peripherally associated with mem-
branes. Together with its trypsin resistance, our results
indicate that this 7-kD protein is located in the stroma.

It has been shown that a commercially available
anti-Dna] antibody can also recognize Toc12 (Becker
et al., 2004). We used the same antibody in order to
know the relative position of endogenous Tocl2 to
Ps]8. We used the antibody on immunoblots of puri-
fied outer membrane proteins and total chloroplast
soluble and membrane proteins. However, perhaps
due to different immunoblotting conditions, we failed
to detect specific proteins in these fractions (Supple-
mental Fig. 54). A few bands were detected after a
longer exposure, but they were also detected by the
anti-Toc75 antibody and on a control blot probed with
the secondary antibody alone.

Mutations in AtJ8 Result in No Import Defect

To further investigate the possible function of J8 in
chloroplast protein import, we obtained four Arabi-
dopsis mutants with T-DNA insertions in the
At]8 gene (Fig. 7A). The j8-1 mutant (Salk_024617)
is the same allele as reported previously (Chen
et al., 2010). The j8-1, j8-2 (Gabi _922G05), and j8-4
(WiscDxLoxHs005M07G) alleles are in the Columbia
ecotype, and the j8-3 (Flag_349D04) allele is in the
Wassilewskija-4 ecotype. The j8-1 and j8-2 alleles have
a T-DNA insertion close to the C terminus of AtJ8
(Figs. 1 and 7A). The j8-3 and j8-4 alleles have a T-DNA
insertion in the promoter region 80 and 85 bp up-
stream of the transcription start site, respectively.
Reverse transcription (RT)-PCR using primers on one
side of the T-DNA insertion sites (F4 + R6, Fig. 7A)
indicated that the j8-1, j§-3, and j§-4 alleles had a very
small amount of At/8 RNA left, and the j§-2 allele still
had a substantial amount of At/8 RNA (Fig. 7B, top
panel). When using a pair of primers located on two
sides of the T-DNA insertion sites of j§-1 and j§-2 (F4 +
R5, Fig. 7A), no AtJ8 transcript could be detected in
j8-1 or j§-2 (Fig. 7B). Primers were further designed to
quantify the amount of At/§ RNA in the mutants using
real-time quantitative RT-PCR. When using a pair of
primers located on one side of the T-DNA insertion
sites (Q-F1 + Q-R1, Fig. 7A), the j§-1, j8-3, and j8-4
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Figure 7. Characterizations of four Arabidopsis j8 mutants. A, Sche-
matic representation of T-DNA insertion sites of the j8 mutants. Black
and white boxes represent the translated and untranslated exon regions,
respectively. LB, Left border of the T-DNA. Positions of primers used for
RT-PCR shown in B, and real-time quantitative RT-PCR shown in C, are
indicated by arrows. Primers R6 and Q-R1 span the junction between
the second and the third exons. B, RT-PCR analyses of At/8 transcripts in
the j8 mutants. The primers used are indicated in parentheses on the
right. The parental ecotype of the j§-1, j8-2, and j8-4 alleles is Columbia
(Col). The j8-3 allele is in the Wassilewskija-4 (Ws4) ecotype. The
amount of UBQ10 transcripts was analyzed as a control. C, Real-time
quantitative RT-PCR analyses of the A8 transcript levels in the j8
mutants. The At/8 transcript level was first normalized to the level of
UBQI10 in each sample, and the expression level in the wild type was
then set as 100%. Primers for AY8 detection are Q-F1 and Q-R1 as
shown in A. Data are means = sp; n=2. D, Phenotype of the j8 mutants.
Arabidopsis seedlings were grown on MS medium under 16 h of light/
8 h of dark for 14 d. [See online article for color version of this figure.]
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alleles had about 26%, 21%, and 16% of AtJ§ transcript
left, respectively, compared with their corresponding
wild types. The j8-2 allele still had about 89% of AtJ8
transcript left (Fig. 7C). However, all four mutants
appear indistinguishable from the wild types (Fig. 7D).
They also have the same chlorophyll and carotenoid
contents as those in the wild type (Supplemental Fig.
S3), similar to the reported data for j8-1 (Chen et al,,
2010).

Chloroplasts were isolated from 14-d-old seedlings of
the four j8 mutants and their corresponding wild types.
They were incubated with chloroplast precursor pro-
teins under import conditions. Three precursors were
tested: prRBCS, the precursor to the nucleus-encoded
chloroplast 50S ribosomal subunit L11 (prL11), and the
precursor to the thylakoid lumen protein plastocyanin
(prPC). As shown in Figure 8, for all three precursors
tested, the import efficiency of the four mutants was
similar to that of their corresponding wild types.

DISCUSSION

We show here that the pea TOC12 gene is part of the
PsJ8b gene. Furthermore, all four proteins, AtJ8, Ps]8a,
PsJ8b, and Toc12, are synthesized as higher molecular
mass precursors with cleavable transit peptides. After
import into chloroplasts, the processed mature pro-
teins are localized in the stroma. A fraction of the
imported mature proteins was associated with mem-
branes but was extracted to the soluble fraction when
chloroplasts were treated with alkaline extraction. This
tendency to associate with membranes is similar to the
other two stromal ] proteins investigated, Arabidopsis
J11 (Chen et al., 2010) and pea PCJ1 (Schlicher and Soll,
1997).

Several experiments were performed to investigate
the localization of Toc12 when it was first identified
(Becker et al.,, 2004). In vitro-translated, [*°S]Met-
labeled Toc12 was imported into isolated chloroplasts
and shown to be thermolysin resistant after import,
suggesting that Tocl2 was located inside the outer
membrane. However, the in vitro-translated, [*°S]Met-
labeled Toc12 before import was not tested for its
thermolysin resistance. We show here that a fraction of
Toc12 was intrinsically thermolysin resistant even
before import. The amount of Toc12 that was thermo-
lysin resistant did not increase after import. The frac-
tion of Toc12 that was thermolysin resistant remained
resistant even in the presence of Triton X-100. There-
fore, thermolysin resistance cannot be used as an
indication that Toc12 was inside the outer membrane.
In the original report, a fusion protein of Toc12 fused at
the N terminus of GFP (Toc12-GFP) was transiently
expressed in tobacco (Nicotiana tabacum) protoplasts.
No microscopy data were provided for the location of
Toc12-GFP. Chloroplasts isolated from the transfected
protoplasts were analyzed by immunoblots, and
Toc12-GFP was shown to be trypsin sensitive, suggest-
ing that Toc12-GFP was outside the inner membrane.
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Figure 8. The Arabidopsis j8 mutants show no detectable defect in
chloroplast protein import. A, In vitro-translated [SSS]Met-erBCS, *°s]
Met-prL11, and [**S]Met-prPC were imported into chloroplasts isolated
from the j8 mutants and their corresponding wild types. Samples were
analyzed by SDS-PAGE. The gel was first stained with Coomassie
Brilliant Blue and then dried for fluorography. The amount of endog-
enous RBCS as revealed by Coomassie Brilliant Blue staining is shown
below the fluorograph of the same gel. Col, Columbia; Ivt, in vitro-
translated precursor protein; Ws4, Wassilewskija-4. B, Quantification
of imported mature proteins shown in A. The amount of imported
mature protein was first normalized to the amount of endogenous RBCS
of the same sample. The import efficiency of the wild type was then set
as 100%. Data are means * sp; n = 3 to 6. [See online article for color
version of this figure.]

However, in the same experiment, Tic110 was also
trypsin sensitive. Although there are still some debates
about the topology of Tic110, all models agree that the
large majority of the Tic110 polypeptide is localized
in the stroma (Jackson et al.,, 1998; Balsera et al.,
2009). Therefore, it is possible that in the original exper-
iment, trypsin was not properly quenched and had
gained access into the stroma. Nonetheless, Tocl12
was identified by electrospray ionization tandem mass
spectrometry from isolated pea chloroplast outer
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membrane proteins. Although only one peptide was
identified, the peptide was located close to the C
terminus of Tocl2 and contains two amino acids
unique to Tocl2. An antibody generated against the
entire length of Toc12, including the transit peptide
region, recognized a single protein around 14 kD on
immunoblots when isolated pea chloroplast outer
membrane vesicles were analyzed (Becker et al,
2004). Therefore, it is possible that TOC12 RNA is an
alternatively spliced form of Ps[8b, leading to the
generation of Toc12 protein in pea. If this is the case,
it seems to be unique to pea. No EST corresponding to
a similar alternatively spliced form of |8 has been
found in Arabidopsis or in other species. Whole ge-
nome tiling arrays of Arabidopsis also indicate that the
second intron is not transcribed (http://signal.salk.
edu/cgi-bin/atta; Yamada et al.,, 2003). During the
revision of this manuscript, a review article was
published (Schwenkert et al., 2010) indicating that a
thorough analysis of a pea EST database revealed that
the pea Toc12 should be the same length as that of all
the J8 proteins from other species (Fig. 2 in Schwenkert
et al., 2010). The revised Toc12 assembled from the pea
EST database is essentially the same as our Ps]8b,
which we show here is a stromally localized soluble
protein (Fig. 3A).

J domain-containing proteins are important cocha-
perones for the Hsp70 family proteins. The ] domain
interacts with Hsp70 when Hsp70 is bound to ATP and
stimulates ATP hydrolysis by Hsp70. Specific ] domain
proteins often recruit Hsp70 to perform specific func-
tions. It has recently been shown that chloroplast
stromal Hsp70s are important for protein import into
chloroplasts (Shi and Theg, 2010; Su and Li, 2010).
Because ]8 is localized in the stroma, we investigated
whether J8 is involved in protein import by analyzing
the j8 mutant phenotype. We analyzed four T-DNA
insertion mutant alleles. Two of the alleles, j§-3 and
j8-4, exhibited a significant decrease (approximately
80%) in AtJ8 transcript. The other two alleles, j8-1 and
j8-2, do not possess any full-length AtJ8 transcript.
However, all four mutants did not show any defect in
importing various chloroplast precursor proteins, sug-
gesting that J8 is unlikely to be involved in protein
import. A recent report indicated that the j§-1 mutant
has a lower CO, assimilation and a reduced Rubisco
activity (Chen et al., 2010), suggesting that J8 may be a
cochaperone for the activity of Hsp70 in the folding
and assembly of enzymes in the carbon fixation reac-
tion. However, since the mutants we analyzed might
still produce a low level of truncated ]J8 proteins, we
cannot exclude the possibility that the highly con-
served C-terminal region is not required for the activ-
ity of J8 in protein import.

It has been generally assumed that the ATP required
for the binding/early-import-intermediate step is con-
sumed by imsHsp70. Now that imsHsp70 and its
cochaperone Toc12 have been shown to be most likely
localized in the stroma, the only currently known
intermembrane space components of the translocon
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are Tic22 and the intermembrane space domain of
Toc64. Neither of these two components possesses any
ATPase activity. Therefore, the proteins that use the
ATP in the binding step remain unknown. It needs to
be pointed out that, although it has been generally
assumed that an ATPase like an Hsp70 facilitates the
formation of the early import intermediates, it has
been shown that GTP can also support the formation
of early import intermediates without being converted
to ATP (Olsen and Keegstra, 1992). When supplied
with 2.5 mm GTP as the sole energy source at room
temperature, the transit peptide plus a part of the
mature region of precursors can be transported across
the outer membrane. Interestingly, this transport is
inhibited by ATP+S (Inoue and Akita, 2008). Therefore,
it is possible that the translocon component that sup-
ports the formation of early import intermediates may
be a novel intermembrane space NTPase with a broad
nucleotide specificity that can use ATP or GTP, but
with a preference for ATP. This inference makes the
Hsp70 family proteins unlikely candidates as the
component driving transport across the outer mem-
brane. However, it is also possible that multiple
NTPases, including the Hsp70 family proteins, are
involved in the formation of early import intermedi-
ates. In summary, the linkage between the Toc and Tic
complexes and the process of precursor translocation
across the outer membrane and the intermembrane
space remain to be elucidated.

MATERIALS AND METHODS
Isolation of J8 and Toc12 cDNA and Genomic Clones

First-strand cDNAs were synthesized using the Moloney murine leukemia
virus reverse transcriptase (Invitrogen) with RNA isolated from pea (Pisum
sativum ‘Little Marvel’) or Arabidopsis (Arabidopsis thaliana) leaves. Primers
used to amplify the Ps/§ cDNA and genomic DNA as well as the AtJ8§ cDNA
are listed in Supplemental Tables S1 and S2. PCR-amplified fragments were
subcloned into vector pPGEM-T or pSP72 (Promega). Site-directed mutagenesis
to create Toc12 and Toc12MM was performed on plasmids containing the
coding sequence for PsJ8b using the QuikChange site-directed mutagenesis
kit (Stratagene) and primers listed in Supplemental Table S1. 3" RACE was
performed according to the manufacturer’s protocol of the 5' /3" RACE Kit
(Roche).

Chloroplast Protein Import and Postimport Treatments

Arabidopsis seedlings were grown on 0.3% Gelrite-solidified Murashige
and Skoog (MS) medium containing Gamborg’s B5 vitamins and 2% Suc.
Plants were grown in growth chambers under a 16-h photoperiod at 22°C with
a light intensity of about 80 wmol m™2 s™". For growing pea seedlings (De
Bruyn Seed Store), imbibed seeds were grown on vermiculite under a 12-h
photoperiod at 20°C with a light intensity of about 150 pmol m™2 s™".
Chloroplasts were isolated from 9-d-old pea seedlings or 14-d-old Arabidop-
sis seedlings as described (Perry et al., 1991), except that the grinding buffer
for Arabidopsis chloroplast isolation was modified to 50 mm HEPES-KOH
(pH 8.0), 330 mm sorbitol, 2 mm EDTA, and 0.5% bovine serum albumin.
Synthesis of [*°S]Met-labeled precursors through in vitro transcription and in
vitro translation using wheat germ lysate (Promega), protein import into
chloroplasts, and treatment of chloroplasts with thermolysin after import
were performed as described (Perry et al., 1991). Reticulocyte lysates cannot be
used for translating Toc12 because Toc12 migrated at the same position as
hemoglobin that is sometimes produced in reticulocyte lysates. In vitro-
translated Toc12 tends to aggregate and therefore was centrifuged at 20,000¢
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for 15 min to remove large aggregates before use for further experiments. For
import under ATP-depleted conditions, ATP was removed from the in vitro-
translated precursors by gel filtration as described (Perry et al., 1991) and
import was performed under a green safelight. Hypotonic lysis of chloroplasts
after import was performed by resuspending reisolated intact chloroplasts in
25 mm HEPES-KOH (pH 8.0) and 4 mm MgCl,. Alkaline extraction was
performed by resuspending reisolated intact chloroplasts after import in 0.1 m
Na,CO; (pH 11.5) and incubating for 30 min at 4°C. Hypotonically lysed and
alkaline-extracted samples were then separated into membranes and soluble
fractions by ultracentrifugation at 100,000g for 45 min. Soluble fractions were
precipitated in 10% TCA, washed with ice-cold acetone, and dissolved in SDS-
PAGE sample buffer. Trypsin treatment of chloroplasts after import was
performed as described (Jackson et al., 1998). Inmunoblotting was performed
as described (Su and Li, 2010) using specific primary antibodies and an
alkaline phosphatase-conjugated secondary antibody and visualized by the
nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate colorimetric
system, except for Supplemental Figure 54, which was visualized using the
horseradish peroxidase-conjugated secondary antibodies and the Immobilon
Western Chemiluminescent HRP system (Millipore), visualized with the UVP
BioSpectrum 600 Image System (Ultra Violet Products). Antibodies against
Arabidopsis Tic110 and Toc159 and pea Toc75 were generated as described (Tu
et al., 2004). The antibody against Escherichia coli DnaJ (ADI-SPA-410) was
purchased from Stressgen.

Isolation of T-DNA-Tagged Arabidopsis j8 Mutants

Arabidopsis mutants with T-DNA insertion in the AfJ8 genomic region
were obtained from various sources. The j8-1 (Salk_024617; Alonso et al., 2003)
and j8-4 (WiscDxLoxHs005M07G; Nishal et al., 2005) mutants were obtained
from the Arabidopsis Biological Resource Center (http://abrc.osu.edu/). The
j8-2 mutant (Gabi _922G05; Rosso et al., 2003) was obtained from the
Nottingham Arabidopsis Stock Centre (http://arabidopsis.info/). The j8-3
mutant (Flag_349D04; Samson et al., 2002) was obtained from the French
National Institute for Agricultural Research (http://www.inra.fr/). Primers
for the identification of T-DNA insertions in the AtJ8 genomic region are as
follows: AtJ8geno-F2, AtJ8geno-R2, and various left border primers. Left
border primers used are Salk-LBal for j8-1, Gabi-LB for j§-2, Flag-LB4 for j8-3,
and Wisc-L4 for j8-4. Primer sequences are listed in Supplemental Table S1.
T-DNA insertion sites were confirmed by sequencing.

RT-PCR, Quantitative RT-PCR, and Chlorophyll Content
Analyses of j8 Mutants

Total RNA was isolated using TRIzol reagent (Invitrogen) from Arabidop-
sis leaves. First-strand cDNAs were synthesized using total RNA, Moloney
murine leukemia virus reverse transcriptase (Invitrogen), and a poly(dT)
primer. For RT-PCR (Fig. 7B), cycle numbers for amplification were 20 for
UBQ10 and 25 for At/8. Real-time quantitative RT-PCR was performed with
the LightCycler System (Roche) and the LightCycler-FastStart DNA Master
SYBR Green I kit (Roche). For each PCR, 10 to 50 ng of cDNA and 0.5 um
primer pairs were used. The initial denaturing step of 10 min was followed
by 40 cycles of 95°C for 10 s, 60°C for 5 s, and 72°C for 1 s per 25 bp of
the expected product. A standard curve based on serial dilutions of the wild-
type cDNA for each primer pair was included. The absence of nonspecific
products was checked by melting curve analysis. Quantification was per-
formed using the LightCycler Relative Quantification software version 1.0.
Normalization was done using the transcript level of UBQ10. Primers used to
amplify each transcript are listed in Supplemental Tables S1 and S2. Chloro-
phyll and carotenoid contents were determined by the method of Lichtenthaler
(1987).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AY357119 (pea Toc12), BT051272 (J8 of
Medicago truncatula), XM_002512691 (J8 of castor bean [Ricinus communis]),
BT094680 (J8 of soybean [Glycine max]), NP_178207 or At1g80920 (AtJ8 of
Arabidopsis), HM565932 (PsJ8a cDNA of pea), HM565933 (PsJ8b cDNA),
HM565934 (PsJ8a genomic DNA), and HM565935 (PsJ8b genomic DNA).

Supplemental Data

The following materials are available in the online version of this article.
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Supplemental Figure S1. Alignment of J8 cDNA sequences from Medicago
(Mt]8), soybean (Gm]8), and castor bean (Rc]8).

Supplemental Figure S2. Sequence alignment of PsJ8a and Ps/8bh cDNA
and TOC12.

Supplemental Figure S3. Pigment contents of Arabidopsis j8 mutants.

Supplemental Figure S4. The antibody against E. coli Dna] failed to detect
specific proteins in various fractions from pea chloroplasts.

Supplemental Table S1. Sequences of primers used in this study.

Supplemental Table S2. Primers used for the amplification of PsJ8s and
Toc12 cDNA and genomic DNA and site-directed mutagenesis.
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