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Abstract

Gene-specific, age-dependent regulations are common at the transcriptional and translational levels, while protein transport
into organelles is generally thought to be constitutive. Here we report a new level of differential age-dependent regulation
and show that chloroplast proteins are divided into three age-selective groups: group | proteins have a higher import
efficiency into younger chloroplasts, import of group Il proteins is nearly independent of chloroplast age, and group llI
proteins are preferentially imported into older chloroplasts. The age-selective signal is located within the transit peptide of
each protein. A group lll protein with its transit peptide replaced by a group | transit peptide failed to complement its own
mutation. Two consecutive positive charges define the necessary motif in group lll signals for older chloroplast preference.
We further show that different members of a gene family often belong to different age-selective groups because of
sequence differences in their transit peptides. These results indicate that organelle-targeting signal peptides are part of
cells’ differential age-dependent regulation networks. The sequence diversity of some organelle-targeting peptides is not a
result of the lack of selection pressure but has evolved to mediate regulation.
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Introduction

Gene-specific, age-dependent regulation is critical for the
growth and development of all organisms. The regulation is
known to take place at the transcriptional and translational levels.
For example, some genes are preferentially transcribed, and some
mRNAs or proteins are preferentially degraded, in younger or
older tissues. In contrast, the process of protein import into
organelles is generally thought to be constitutive. To our
knowledge, it has not been previously shown that a specific group
of proteins is preferentially imported into an organelle of a certain
age. However, whether protein-specific, age-dependent regulation
can exist at the level of organelle protein import has not been
thoroughly investigated because of difficulties in isolating organ-
elles of different ages.

Proteins imported into the endoplasmic reticulum (ER),
mitochondria, and chloroplasts are usually synthesized as higher
molecular weight precursors containing N-terminal signal peptides
for organelle targeting. Another common feature of these three
organelles is the high sequence heterogeneity of their signal

peptides. Even among members of a gene family, the sequences of

their signal peptides are often diverse, while their mature protein
regions are highly similar. Consensus secondary-structure motifs
have been identified for ER and mitochondrial signal peptides, but
their signal peptides still vary greatly in sequences and lengths
[1,2]. No consensus sequence or structure has been identified for
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chloroplast-targeting signal peptides (herein called “transit pep-
tides”), and their length varies from 13 to 146 amino acids [3,4].
The reason for the sequence heterogeneity of these targeting
signals is unknown. For the ER-targeting signal peptides, it has
been proposed that the heterogeneity may have regulatory
functions. Different sequences may interact with different acces-
sory factors around the Sec61 translocon and thus modulate
transport efficiency [5].

Protein import into chloroplasts is mediated by a translocon
complex with components located in and around the two
membranes of the envelope. Translocon components in the outer
envelope membrane are called Toc (translocon at the outer-
envelope-membrane of chloroplasts) proteins, and those in the
inner envelope membrane are called Tic (translocon at the inner-
envelope-membrane of chloroplasts) proteins (for reviews see
[4,6,7]). By importing three representative proteins into chloro-
plasts of different ages, Dahlin and Cline showed that very young
developing chloroplasts exhibited very high import efficiency; as
chloroplasts matured, their import efficiency for all three proteins
decreased dramatically [8]. These findings have led to the
supposition that chloroplast protein import capability is regulated
globally in concert with chloroplast protein demand. As chloro-
plasts mature, their protein demand decreases, and their import
capacity for all proteins declines accordingly.

We show here that in higher plants, chloroplast precursor
proteins can be divided into three age-selective groups, with each
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Author Summary

It is well known that some genes are preferentially
transcribed in young tissues and others are specifically
expressed in aging tissue, but protein import into
organelles is generally thought to be constitutive and
independent of age. In this study, we find that, contrary to
expectation, in higher plants the import of proteins into
chloroplasts is indeed dependent on the age of the
organelle. We find that chloroplast precursor proteins can
be divided into three age-selective groups, with each
having a preference for chloroplasts of a different age. The
age-selective signal is located within the signal peptide of
each protein that controls organelle import, and we
further identify a motif that is necessary to make a signal
peptide target older chloroplasts preferentially. We show
that different members of a gene family often belong to
different age-selective groups, and that changing the
sequence motifs within a protein’s signal peptide can
change its age selectivity. These results indicate that
organelle-targeting signal peptides are one set of tools
available to multicellular organisms for differential age-
specific regulation.

having a preference for chloroplasts of a different age. This
differential age-dependent regulation is important for growth. We
further define a necessary transit peptide motif for older
chloroplast preference and show that different gene family
members, through variations in their transit peptides, are
preferentially imported into chloroplasts of different ages. This
result suggests that one of the reasons for transit peptide sequence
diversity among isoforms of a gene family is to achieve differential
age-dependent import regulation.

Results

Precursor Proteins Can Be Classified into Three Age-
Selective Groups

Chloroplasts isolated from different leaves, from top to bottom
along the stem of pea seedlings, show increasing degrees of
maturity [8]. Previously, when these chloroplasts were used to
investigate the import of precursors to the small subunit of RuBP
carboxylase (RBCS), light-harvesting complex of photosystem II
(CAB), and small heat shock protein Hsp21, younger chloroplasts
exhibited higher protein import efficiency [8]. We were interested
in knowing the import behavior of some of the recently identified
translocon components. Chloroplasts isolated from the four leaves
of 16- to 18-d-old pea seedlings (the youngest leaf is designated as
leaf number 1; Figure 1A) were tested for their ability to import
prHsp93 (“pr” prefix for precursor forms; see Table S1 for full
names and accession numbers of all precursors used) and prTic40,
with prRBCS as a control. The level of endogenous chloroplast
stromal Hsp70 (cpHsc70), which remains unchanged throughout
the developmental stages tested [8] (Figure S1A), was analyzed by
immunoblotting as a loading control. The import efficiency of
prRBCS indeed declined as chloroplasts aged (Figure 1B).
Surprisingly, prHsp93 showed similar import efficiency into
chloroplasts isolated from all four leaves, and the import efficiency
of prTic40 increased in older chloroplasts (Figure 1B).

We then tested more precursors (Table SI). For better
quantification, prHsp93 was co-imported with each precursor,
and import results were normalized to the amount of mature
Hsp93 imported. The amount of precursor protein synthesized by
the in vitro translation system is very small, so this co-import is
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unlikely to affect the import of other precursors by saturating the
import machinery. Indeed, the age dependency of prRBCS and
prTic40 did not change when results were normalized to Hsp93
(Figure 1C). However, if prHsp93 was not suitable for co-import
for technical reasons (see Materials and Methods), endogenous
cpHsc70 was still analyzed and used for normalization. Our results
showed that precursors could be divided into at least three age-
selective groups. Group I precursors, which include prRBCS,
prOE23, prPC, prDJC22 (Figure 1C), prDJC75, prOE33, and
prFd-protA (Figure S2), were preferentially imported into younger
chloroplasts. Group II precursors, which include prHsp93,
prPDH, prTic20, prcpHsc70-2, and prGlu2 (Figure 1C), were
imported into chloroplasts of different ages with similar efficiency.
Group III precursors, which include prTic40, prL11, prcpHsc70-
1, and prPORB (Figure 1C), exhibited increasing import efficiency
as chloroplasts aged. The separation of precursors into three age-
selective groups was observed when import was performed with an
equal number of plastids or an equal amount of chlorophylls in
cach reaction (see Materials and Methods and Figure S3).
Although most of the precursors we used were from Arabidopsis,
some of them were from other species (Table S1), including three
from pea (prPC, prHsp93, and prTic40). We have also tested the
import of rice and Arabidopsis pr'lic40 and Physcomitrella patens
prOE23 and prL11. Their age selectivity was the same as that of
their orthologs (data not shown). Thus, it is unlikely that the
different import patterns we observed were due to the species
origin of the precursors.

The Age-Selective Signal Is Located in the Transit Peptide

To investigate which part of a precursor protein was responsible
for the age selectivity, we swapped the transit peptides between
prRBCS (representative of group I precursors) and prTic40
(representative of group III precursors) and imported the fusion
proteins, RBCStp-mTic40 (“tp” for transit peptide and “m” for
mature protein) and Tic40tp-mRBCS, into chloroplasts isolated
from leaves of different ages. RBCStp-mTic40 had an import
pattern similar to that of prRBCS (Figure 2). Tic40tp-mRBCS
produced two lower molecular weight proteins after import, most
likely because the prTic40 transit peptide is processed twice [9,10].
To make sure both proteins were within chloroplasts, after the
import of Tic40tp-mRBCS, chloroplasts were treated with
thermolysin to remove chloroplast-surface-bound proteins, and
thermolysin-resistant mature proteins were quantified. The result
showed that Tic40tp-mRBCS had age selectivity similar to that of
prlic40 (Figure 2). We further fused the transit peptides of
prRBCS and prTic40 to the N terminus of GST and imported the
fusion proteins into chloroplasts of different ages. RBCStp-GST
was preferentially imported into younger chloroplasts, just like
prRBCS, and Tic40tp-GST was preferentially imported into older
chloroplasts, just like prTic40 (Figure 2). Therefore, transit
peptides are sufficient to determine age selectivity.

If precursors are divided into three groups because of different
characteristics of the transit peptides among different groups, then
in import competition experiments, one precursor in excess should
out-compete the import of precursors from the same group, but
would have a smaller effect on the import of precursors from other
groups. To test this we performed import competition experiments
using FEscherichia coli-produced recombinant prRBCS (a group 1
precursor), in vitro-translated [*>S]Met-labeled representative
precursors from all three groups and chloroplasts isolated from
8-d-old pea seedlings. The degree of competition was indeed
divided into three groups (Figure 3). At 0.5 uM recombinant
prRBCS, the import of group I precursors prRBCS and prOE23
decreased by 50% to 60%, import of group II precursors prHsp93
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Figure 1. Chloroplast precursors are divided into three age-selective groups. (A) 16- to 18-d-old pea seedlings with four leaves and the
youngest leaf still folded were used for chloroplast isolation. Leaf number designation is as labeled. (B) prRBCS, prHsp93, and prTic40 have different
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age preferences. Chloroplasts were isolated from leaves of different ages as shown in (A) and used for import experiments. Intact chloroplasts were
re-isolated after the import reaction and analyzed by SDS-PAGE and autoradiography. An equal number of chloroplasts were loaded in each lane of
the same gel. The amount of chloroplast Hsp70 (cpHsc70) from the same sample was analyzed by immunoblotting and used for normalization in the
quantification shown in the bar graph below each gel. (C) Various precursor proteins were imported into chloroplasts isolated from pea leaves of
different ages. Intact chloroplasts were re-isolated after the import reaction and analyzed by SDS-PAGE and autoradiography. The amount of mature
Hsp93 imported in the same sample was used for normalization in quantifications shown in the bar graph below each gel. The amount of mature
proteins imported in leaf 1 was set as 100%. Import of prcpHsc70-1 produces mature proteins of two different sizes [17,50]. In vitro-translated prTic40
often produced two or three protein bands. The highest molecular weight protein is the true precursor. The lower molecular weight proteins
(asterisk) are most likely produced by internal translation initiation or degradation and cannot bind to chloroplasts (data not shown). prTic40 in the
import samples migrates right below the extremely abundant large subunit of RuBP carboxylase (RBCL) protein and thus appears to migrate faster
than prTic40 in the TR lanes. Data shown are means * standard deviation (SD), n=3. m, mature form; p, precursor form; TR, in vitro-translated

precursor proteins before import.
doi:10.1371/journal.pbio.1001416.g001

and prPDH deceased by 20%, while the import of group III
precursors prlic40 and prLl1l was not affected. At 2 uM
recombinant prRBCS, the import of the two group I precursors
decreased 80%, import of the two group II precursors decreased
about 40%, and the import of the two group III precursors
decreased about 20%. This result indicates that different
precursors in the same age-selective group most likely share the
same import pathway.

Differential Age-Selective Import Is Physiologically
Important

If the differential age-dependent regulation we observed is
physiologically important, it could be expected that a group III
precursor engineered with a group I transit peptide would not
function optimally, which should have an impact on plant growth
if the affected protein is important for growth. To test this idea, we
examined the complementation of an Arabidopsis tic40 knockout
mutant by the hybrid protein RBCStp-mTic40, in which the
group III prTic40 transit peptide was replaced by the group I
prRBCS transit peptide. It has been shown that information for
targeting and insertion of prTic40 to the inner membrane is
contained within the mature region of prTic40 [9,10], and
replacing the prTic40 transit peptide with the prRBCS transit

peptide did not affect the proper insertion and topology of Tic40
in the inner membrane [9]. We also first verified that the in vitro
import efficiency of RBCStp-mTic40 and prTic40 into Arabidopsis
chloroplasts was comparable (data not shown).

Tic40 is required for protein import into chloroplasts, and its
knockout mutants have extremely retarded growth and small and
pale green leaves with jagged leaf margins [11,12]. The RBCStp-
mTic40-encoding cDNA was placed under the control of a 2-kb
promoter fragment from the 7/C40 gene (Figure 4A). The original
prTic40-encoding cDNA under the control of the same 77040
promoter fragment was used as a control. The two constructs,
designated as TIC40p:RBCStp-mTic40 and TIC40p:prTic40, were
used to transform tic40-1, a knockout mutant caused by T-DNA
insertion in the 71C40 gene [11]. As shown in Figure 4B, the
TIC40p:prTic40 transgenic plants were indistinguishable from the
wild type, indicating that the #c40 mutation was fully comple-
mented. In contrast, the TIC40p:RBCStp-mTic40 transgenic plants
all had a variable pale green color in between that of the tic40
mutant and the wild type, and retained the jagged-leaf-margin
phenotype of the #ic40 mutant, even though the steady state Tic40
protein level in the mature plants was comparable to that in the
wild-type and in the T1C40p:prTic40-complemented plants (Figure
S4A). Fractionation of isolated chloroplasts also showed that Tic40
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Figure 2. Age selectivity is determined by the transit peptide. Chimeric precursors consisting of swapped prRBCS and prTic40 transit
peptides (RBCStp-mTic40 and Tic40tp-mRBCS), or prRBCS or prTic40 transit peptide fused to GST (RBCStp-GST and Tic40tp-GST), were co-imported
with prHsp93 into chloroplasts of different ages. Chloroplasts from Tic40tp-mRBCS import experiments were further treated with thermolysin after
the import reactions. The amount of mature Hsp93 imported in the same sample was used for normalization in quantifications shown in the bar
graph below each gel. The amount of mature proteins imported in leaf 1 was set as 100%. Data shown are means = SD, n=3. m, mature form; p,
precursor form; TR, in vitro-translated precursor proteins before import.

doi:10.1371/journal.pbio.1001416.9002
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Figure 3. Import competition of a group | precursor with
representative precursors of the three groups. Various [>>S]Met-
labeled precursors were imported with 0 to 2 uM recombinant prRBCS,
as labeled on top of the gel, into chloroplasts isolated from 8-d-old pea
seedlings for 15 min. Intact chloroplasts were re-isolated and analyzed
by SDS-PAGE, stained with Coomassie Blue, and dried for autoradiog-
raphy. An equal amount of protein was loaded in each lane of the same
gel. The region around the endogenous RBCL is shown below the
autoradiograph to confirm that loading was equal in each lane.
Imported mature protein was quantified using a phosphorimager and
normalized to the amount of endogenous RBCL obtained by scanning
the Coomassie Blue-stained gels. The line graph shows quantifications
of relative import efficiencies, with the amount of mature protein
imported in the absence of recombinant prRBCS set as 100%. Precursor
groups are labeled on the right. Data shown are means = SD, n=3.m,
mature form; p, precursor form; TR, in vitro-translated precursor
proteins before import.

doi:10.1371/journal.pbio.1001416.9003
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proteins were localized in the inner envelope membrane in both
transgenic plants (Figure S4B). These results indicate that replacing
the prTic40 transit peptide with the prRBCS transit peptide
prevented Tic40 from functioning optimally. However, we cannot
exclude the possibility that there are differences other than age
selectivity between the prRBCS and prTic40 transit peptides. For
example, studies have shown that prRBCS cannot be imported into
1solate pea root plastids [13], although in stable transgenic wheat and
maize lines, the prRBCS transit peptide can direct fusion protein
import into plastids in root hair cells [14,15]. Thus, it is possible that
the incomplete complementation is caused by failure of prRBCS
transit peptide to direct Tic40 import into other cell types in roots.

Protein Import into Chlamydomonas Chloroplasts Does
Not Show Differential Regulation

To begin to understand the physiological reason for the
observed differential age-dependent import, we investigated
whether a similar regulation exists in unicellular organisms. We
used the unicellular green alga Chlamydomonas reinhardtii. Each
Chlamydomonas cell contains a single chloroplast. Furthermore,
cultures of Chlamydomonas can be synchronized by light/dark
cycles, and ages of chloroplasts can be defined by hours of
culturing in the light [16]. Thus, Chlamydomonas also has an age
spectrum of chloroplasts during development but does not face the
problem of having leaves/chloroplasts of different ages supported
on the same stem in the same organism. If group III precursors
prefer older chloroplasts solely because of chloroplast maturity,
then group III precursors should also prefer to be imported into
Chlamydomonas chloroplasts isolated from cells that have been
cultured for longer periods in the light.

Chloroplasts isolated from synchronized Chlamydomonas cells
cultured for 1, 6, and 11 h in the light were used for in vitro
import experiments. Endogenous Hsp70B of Chlamydomonas
chloroplasts analyzed by immunoblots was used as a loading
control, as Hsp70B level was steady in the three time points
analyzed (Figure S1B), similar to cpHsc70 in pea chloroplasts. We
tested the import of one group I precursor (prOE23) and two
group III precursors (prTic40 and prL1l). We also obtained
c¢DNA encoding Chlamydomonas chloroplast precursor proteins Cr-
prRBCS and Cr-prL11 (prefix “Cr” for C. reinhardtii) for import
experiments.

Similar to results reported previously [16], import of Cr-
prRBCS was highest in the 6-h chloroplasts and lower in the 1-
and 11-h chloroplasts (Figure 5). All four other precursors tested
showed the same pattern as Cr-prRBCS, despite the fact that they
were recognized as group I (prOE23 and Cr-prRBCS) and group
III precursors (pr1ic40, prL11, and Cr-prL11) by pea chloroplasts
(Figures 1 and S5). These results suggest that protein import into
Chlamydomonas chloroplasts shows only a global regulation for all
proteins, rather than a differential regulation according to
precursor groups like in higher plants.

Two Consecutive Positive Charges Is a Necessary Motif
for Group Il Transit Peptides

If precursors are divided into three groups because of different
characteristics of their transit peptides, there should be some
sequence motif that is the determining feature for each group of
transit peptides. We started with the group III transit peptides
because signals that prefer older organelles represent a novel
finding of our current study and may have biotechnology
applications. Not surprisingly, comparing the transit peptides of
the group III precursors we had identified did not reveal any
consensus sequence motif. We then used the transit peptide of
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native promoter. (B) Phenotypes of transgenic plants. Three indepen-
dent lines are shown for each transgene. All plants were grown on MS
plates for 21 d. A wild-type (WT) plant and the original tic40 mutant are
shown on the left. All pictures are shown with the same magnification.
Bar=1 cm.

doi:10.1371/journal.pbio.1001416.9g004

prlic40 as a model and made a series of alanine substitution
mutants to systematically identify the regions important for older
chloroplast recognition. The 72-residue prTic40 transit peptide
was divided into eight blocks of nine amino acids, and each block
was replaced with nine Ala residues (Figure 6A). These Ala
substitution mutants were imported into young and old chloro-
plasts isolated from the first and fourth leaves, respectively.

All mutants, with the exception of A(10-18) and A(28-36), still
showed a preference for older chloroplasts (Figure 6B and 6C). No
imported mature protein was observed for the A(10-18) mutant in
either young or old chloroplasts. To determine the location of the
A(10-18) mutant precursors, after import of A(10-18), chloroplasts
were treated with trypsin, which can only penetrate the outer
membrane but not the inner membrane. A(10-18) mutant precursors
were completely degraded by trypsin, while imported wild-type mature
Tic40 was resistant to trypsin digestion, indicating that the A(10-18)
mutant precursors were outside the inner membrane (Figure S6A).
These results suggest that the A(10-18) mutant could bind to
chloroplasts but could not be translocated into the stroma. The
A(10-18) mutations most likely affected interaction of the prTic40
transit peptide with some translocon components that are required for
translocation into both young and old chloroplasts. Furthermore, in all
mutants except A(10-18), we did not observe a significant increase in
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accumulation of precursors, suggesting that the mutations did not affect
the processing of prlic40 transit peptide.

The A(28-36) mutation severely reduced the import into older
chloroplasts, indicating that residues 28 to 36 are important for
older chloroplast recognition (Figure 6B and 6C). These residues
were further divided into two halves, and two more alanine
substitution mutants were generated: A(28-31) and A(32-36).
A(28-31) no longer preferred older chloroplasts, while the A(32
36) mutant still did (Figure 6B and 6C). Residues 28 to 31 (Gly28-
Arg29-Lys30-Ser31) were further individually substituted with
amino acids with characteristics different from those of the original
amino acids. Substitution of Gly28 with Pro (Figure 6B and 6C) or
His or Ala (data not shown), or substitution of Ser31 with Ala
(Figure 6B and 6C), did not change the age selectivity of prTic40.
In comparison, substitution of the positively charged Arg29 or
Lys30 with Glu, or substitution of both residues with Ala, reduced
preference for older chloroplasts. Substitution of both residues
with Glu almost knocked out the import into older chloroplasts.
Adding back Arg29 and Lys30 into the A(28-36) and A(28-31)
mutants, which had severely reduced import into older chloro-
plasts, restored the preference of prTic40 for older chloroplasts
(Figure 6B and 6C). These data indicate that the two consecutive
positive charges of Arg29 and Lys30 are important components
for older chloroplast recognition in the prTic40 transit peptide.
We further confirmed this result using another group III
precursor, prL11. Its transit peptide has one pair of consecutive
positive charges, at residues 44 and 45. Mutating Lys44 and Lys45
to Glu (the prL11[KK4445EE] mutant) severely knocked down
import into older chloroplasts without affecting import into
younger chloroplasts (Figures 6B, 6C, and S6B), confirming that
having two consecutive positive charges is a determining feature of
group III transit peptides. However, two consecutive positive
charges are also present in some group I and group II transit
peptides. Thus, this motif is only one necessary feature. Other yet
unknown structural motifs are required to work together with the
two positive charges to build a sufficient group III signal.

Isoforms of a Gene Family Are Preferentially Imported
into Chloroplasts of Different Ages because of
Differences in Transit Peptide Sequences

Many genes have duplicated from single genes in unicellular
organisms into gene families in multicellular organisms. This
duplication is often attributed to the need for tissue-specific
regulation at the transcriptional level. However, for gene families
encoding organelle proteins, the organelle-targeting signals are
often diverse, despite having highly similar mature regions. The
reason for this high sequence heterogeneity in the targeting signals
is not known. Among the chloroplast precursors we tested,
cpHsc70-1 and cpHsc70-2 provide one such example (Figure
S7A). While the mature regions of the two isoforms are 93%
identical, the transit peptide region has only 75.5% identity.
Interestingly, in green algae, including Chlamydomonas, chloroplast
Hsp70 is encoded by a single gene, and the gene has duplicated
since moss [17]. Our data show that cpHsc70-1 is a group III
precursor and cpHsc70-2 is a group II precursor (Figure 1C). We
thus hypothesize that one of the reasons for transit peptide
diversification after gene duplication is to achieve differential age-
dependent import regulation through sequence differences in the
transit peptides. To test our hypothesis, we found three more
examples in which the protein is encoded by a single gene in
Chlamydomonas but by a two-gene family in higher plants:
chloroplast Cpn60a, Cpnl0O, and BCCP (sequences shown in
Figure S7B-S7D). Import into chloroplasts of different ages
showed that prCpn60al is a group I precursor and prCpn6002 is
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Figure 5. Protein import into Chlamydomonas chloroplasts is not differentially regulated. [**S]Met-labeled precursors of Cr-prRBCS, Cr-
prL11, prOE23, prTic40, and prL11 were imported into chloroplasts isolated from synchronized cultures of Chlamydomonas 1, 6, and 11 h after the
start of the third light cycle and used for import experiments. Samples were analyzed by SDS-PAGE and autoradiography. An equal number of
chloroplasts were loaded in each lane of the same gel. The amount of Chlamydomonas chloroplast Hsp70B was analyzed by immunoblotting and
used for normalization of quantifications in the bar graph shown below each gel. The amount of mature protein imported at hour 1 was set as 100%.
Data shown are mean = SD, n=3. m, mature form; p, precursor form; TR, in vitro-translated precursor proteins before import.

doi:10.1371/journal.pbio.1001416.9005

a group II precursor, while prBCCP-1 is a group II precursor and
prBCCP-2 is a group I precursor (Figure 7A). The prCpnl0-1
protein has the initiation methionine as its single methionine, and
thus the mature protein could not be observed after the removal of
the transit peptide when the protein was labeled by [*S]Met. We
thus added two methionine residues at its C terminus and created
the protein prCpnl0-IMM. Import of prCpnlO-IMM and
prCpnl0-2 into chloroplasts of different ages showed that
prCpnl0-1MM is a group I precursor and prCpnl0-2 is a group
II precursor. We also tested a family in which the proteins are only
present in higher plants, not in Chlamydomonas. The small J-domain
containing protein DJC23 is encoded by a three-gene family,
DjC23, DJC24, and DFC66, in Arabidopsis. DJC23 and DJC24 are
more similar to each other than to DJC66 (Figure S7E for
sequences). Import of the three precursor proteins into chloroplasts
of different ages showed that prDJC23 and prDJC24 are group I
precursors and prDJC66 is a group IIT precursor. However, not all

PLOS Biology | www.plosbiology.org 7

gene family members fall into different age-selective groups. All
three isoforms of Arabidopsis protochlorophyllide oxidoreductase
are group III precursors (prPORA, prPORB, and prPORC;
Figures 1C and S2).

If different isoforms fall into different age-selective groups
because of sequence differences in their transit peptides, then
changing the sequences should change the age-selective group of
the precursor. One of the regions that is different between the
transit peptides of cpHsc70-1 and cpHsc70-2 is around residues 23
and 24 of cpHsc70-1, where the two positively charged amino
acids Lys23-Arg24 in cpHsc70-1 are replaced with Thr-Lys at the
corresponding position in cpHsc70-2 (Figure 7B). Since we have
shown that two consecutive positive charges is a necessary motif
for group III transit peptides, we mutated Lys23 and Arg24 in
cpHsc70-1 to Thr and Lys to resemble the sequence in cpHsc70-2
and created the mutant prcpHsc70-1(KR2324TK). Import of
prepHsc70-1(KR2324TK) into chloroplasts of different ages
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Figure 6. Two consecutive positive charges is a necessary motif for group lll transit peptide preference of older chloroplasts. (A)
Transit peptide sequences of prTic40, prL11, and their mutants. The two consecutive amino acids with positive charges are in bold and underlined,
and the substitutions are in red and blue. (B) Import of prTic40, prL11, and their transit peptide mutants into young (Y, from leaf 1) and old (O, from
leaf 4) chloroplasts. The prHsp93 import shown below each mutant was from the same sample (co-imported) run on the same gel. TR, in vitro-
translated precursor proteins before import. (C) Quantification of import experiments shown in (B). For each precursor, the amount of mature protein
imported was first normalized to the amount of Hsp93 imported in the same sample. The normalized amount in the leaf 1 chloroplasts was then set
as 100%. No quantification data for the A(10-18) mutant of prTic40 is presented because no mature proteins were produced.

doi:10.1371/journal.pbio.1001416.g006

showed that it was changed to a group II precursor, just like
prcpHsc70-2 (Figure 7B).

Discussion

We have identified a new level of differential regulation residing
at the stage of protein import into chloroplasts. We have further
identified a necessary transit peptide motif specifying a preference
for older chloroplasts. To our knowledge, this is the first functional
motif identified for chloroplast-targeting transit peptides [18,19].
Most likely specific motifs are also present for the other two age-
selective groups. These motifs are actually one set of tools available
to multicellular organisms for differential age-specific regulation.

The lack of differentially regulated import in Chlamydomonas
suggests that differential regulation is not just used to select for
proteins that are needed in young versus mature chloroplasts.
Because of the limited number of precursors tested, it is difficult to
generalize the function of proteins in each age-selective group.
However, upright growth of higher plants results in the unique
situation of having leaves of different ages on the same stem, exposed
to different environmental and nutrient conditions. In addition,
mature chloroplasts are maintained for a longer period of time.
Group I proteins may be more important for chloroplast functions
during rapid cell division and expansion under normal or high light
conditions. Group II proteins may be the true housekeeping proteins
that are needed at a similar level under all conditions, and Group III
proteins, which in unicellular algae such as Chlamydomonas would be
down-regulated like other chloroplast proteins in anticipation for the
next cell division, may need to be maintained at a higher level in
higher plants because they are important for long-term maintenance
of chloroplasts under lower light conditions.

How the three groups of transit peptides are decoded by
receptors on the chloroplast surface remains to be investigated.
They may interact with the same receptor with different affinities,
or each may interact with a specific receptor. In Arabidopsis, the
major receptor Tocl59 is encoded by a four-gene family that is
separated into three subfamilies, Tocl59, Toc132, and Toc90.
Analyses of grape, rice [20], soybean, and AMedicago truncatula
(Figure S8) genomes indicate that their Toc159 families are also
separated into the same three subgroups, suggesting that these
three Toc159 subfamilies are most likely also present in pea. Based
on small-scale analyses, different Toc159 subfamily members were
shown to have different substrate preferences, and it was proposed
that in Arabidopsis, the atTocl59 (“at” for A. thaliana) subfamily
functions as a selective receptor for photosynthetic proteins and
the atTocl32 subfamily functions as a selective receptor for
housekeeping proteins [21-24]. However, recent large-scale
proteomic and transcriptomic analyses of attoc/59 mutants
revealed an unexpected client protein promiscuity of atTocl59,
indicating that the original separation of photosynthetic versus
housekeeping 1s too simplistic [25]. Nonetheless, two transit
peptides, those of prRBCS and of prFd, were shown directly to
preferentially bind to atTocl39 [22], and both precursors are
group I precursors from our study. One transit peptide, that of
prPDH, was shown directly to preferentially bind to atTocl32
[24], a group II protein from our study. Proteomic analyses of the
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attoc159 and attoc132 mutants also support that Toc159 may be the
receptor for group I precursors and Toc132 may be the receptor
for group II precursors. Of the 44 atTocl159-dependent proteins
identified [25], only one, prRBCS, was tested by us, and it is
indeed a group I precursor. Of the 308 Tocl59-independent
proteins identified, we have tested nine precursors, and eight are in
group II or III. The only exception is prCpnl0-1 (At2g44650),
which is classified as an atTocl59-independent protein but is a
group I protein in our analyses. Cpnl0 is encoded by two highly
similar genes, CPN10-1 and CPN10-2, and the two proteins share
79.4% identity. Cpnl0-2 is a group II protein. It is possible that
some of the peptides from these two proteins were not
distinguished. Of the 19 proteins whose abundance was increased
or not changed in the attoc132 mutant [21], we and others [8] have
tested five, and all five are group I or group III precursors,
suggesting that atToc132 is less important for the import of group
I and III precursors. However, the overlap between the proteins
identified by the proteomic approaches and the proteins tested by
us is small. More work is needed to identify the receptors for the
three groups of precursors.

Our preliminary data suggest that the receptor for group III
precursors is a thermolysin-sensitive chloroplast surface protein
that is present in increasing amounts as chloroplasts age, but its
identity remains to be uncovered. We also cannot exclude that
some post-translational modifications that increase with age on
one of the Tocl59 family members are responsible for the
increased import of group III precursors in older chloroplasts. The
two consecutive positive charges in group III transit peptides may
interact with some negatively charged modifications, like phos-
phorylations, on one of the receptors.

More and more evidence indicates that organellar protein
import is specifically regulated. The biogenesis and functions of
three mitochondrial outer-membrane translocon proteins have
recently been shown to be affected by phosphorylations through
two cytosolic kinases [26]. Furthermore, during mitochondrial
stress, protein import into mitochondria is reduced, allowing the
protein ATFS-1 (activating transcription factor associated with
stress-1) to be imported into the nucleus, which is important for
activation of the mitochondrial unfolded protein response [27]. In
addition, the presence of a specific degradation system in the
cytosol for chloroplast precursor proteins [28] also supports our
finding that protein import into chloroplasts is regulated. In vitro,
phosphorylation and exogenously added calmodulin inhibitor and
redox reagents have also been shown to affect the function and
association of some chloroplast translocon components [29-31].
Whether these modifications take place in vivo remains to be
investigated.

It has long been puzzling why the signal peptides for protein
targeting to ER, mitochondria, and chloroplasts are so diverse at
the amino acid sequence level. It has been proposed for ER-
targeting signal peptides that the heterogeneity in sequences has
regulatory functions [5]. It has been shown that during acute ER
stress, translocation of ER proteins is attenuated in a signal-
peptide-selective manner [32]. In addition, the intrinsic inefficien-
cy of the prion protein signal peptide is required for pathogenesis
of some prion mutations. Therefore, different signal peptide
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Figure 7. Different isoforms are preferentially imported into chloroplasts of different ages because of sequence differences in
transit peptides. (A) Import of different isoforms of gene families. (B) Transit peptide sequences of prcpHsc70-2, prcpHsc70-1, and prcpHsc70-
1(KR2324TK), and import of prcpHsc70-1(KR2324TK). Various precursor proteins were imported into chloroplasts isolated from pea leaves of different
ages. Intact chloroplasts were re-isolated after the import reaction and analyzed by SDS-PAGE and autoradiography. The amount of endogenous

PLOS Biology | www.plosbiology.org 10 October 2012 | Volume 10 | Issue 10 | €1001416



Age-Dependent Import Regulation by Transit Peptide

cpHsc70 or co-imported Hsp93 of the same sample was analyzed and used for normalization in quantifications shown in the bar graph below each
gel. The amount of mature proteins imported in leaf 1 was set as 100%. Data shown are means = SD, n= 3. m, mature form; p, precursor form; TR, in

vitro-translated precursor proteins before import.
doi:10.1371/journal.pbio.1001416.g007

efficiencies, resulting from differences in sequences, can have a
significant impact on organism physiology [33]. Here we show that
sequences of chloroplast transit peptides determine the age
selectivity of precursor proteins. Furthermore, different members
of a gene family often belong to different age-selective groups
because of sequence differences in their transit peptides. There-
fore, the sequence diversity of these transit peptides has evolved to
mediate age-selective regulation. Multi-gene family members of
ER and mitochondrial proteins also share the property that they
display high sequence similarity in the mature protein region but
have more diverse signal sequences. Thus, it is likely that diversity
in signal peptide sequences among gene family members has
evolved to mediate protein transport regulation in ER and
mitochondria as well.

Materials and Methods

Plant Growth and Chloroplast Isolation

Pea (Pisum satioum cv. Little Marvel) seedlings were grown on
vermiculite in growth chambers under a 12 h light/12 h dark
cycle at 20°C. Chloroplasts were isolated from pea seedlings as
described [34] except that a blender, instead of a Kinematica
Polytron homogenizer, was used. The cell-wall-deficient strain of
C. remhardti, CC-400 cwl), was inoculated in TAP medium [35] at
a density of 4x10* cells ml™! and grown under continuous light.
After 2 d, the cell cultures were switched to 12 h light/12 h dark
cycles. Chloroplasts were isolated from cultures harvested 1, 6, and
11 h after the start of the third light cycle as described [36], except
that a Dounce tissue grinder (Wheaton) was used to break the cells.
Arabidopsis plants were grown on MS synthetic agar medium with
2% sucrose as described [11]. Chloroplast numbers were counted
under an Olympus BH2 phase-contrast microscope with a
hemocytometer.

Import and Post-Import Treatments

All precursor proteins were translated in vitro by the TINT-
wheat germ or reticulocyte lysate system (Promega) in the presence
of [*°S]Met. A typical import reaction with pea chloroplasts was
performed in a 60-ul reaction containing 20-25 pl of in vitro—
translated precursor proteins, chloroplasts (20 pg of chlorophylls,
see below), 3 mM Mg-ATP in 1 x import buffer (330 mM sorbitol,
50 mM HEPES-KOH [pH 8.0]) for 25 min (see below) at room
temperature. For most precursors, prHsp93 was co-imported for
quantification normalization. For some precursors, because of the
position of their mature protein or their lower import efficiency,
signals from hemoglobin from the reticulocyte lysates or the
imported Hsp93 degradation fragments may interfere with
quantification, and endogenous cpHsc70 was analyzed by
immunoblotting for confirmation and/or normalization. Compe-
tition experiments using recombinant prRBCS were performed as
described [37,38]. In brief, import was performed with [*>S]Met-
labeled precursors and various concentrations of recombinant
prRBCS at room temperature for 15 min. All reactions had the
same concentration of urea as the reaction with the highest
amount of recombinant proteins. After import, an excess amount
of ice-cold 40% Percoll in 1 x import buffer was added to stop the
import reaction, and intact chloroplasts were pelleted and washed.
Where indicated, chloroplasts were further treated with
200 pg ml~" thermolysin as described [34]. Import into Chlamy-
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domonas chloroplasts was performed as described [16]. In brief,
[**S]Met-labeled precursors were incubated with isolated chloro-
plasts in the presence of 10 mM Mg-ATP in import buffer
(250 mM sorbitol, 1.5 mM MgCl,, 1 mM MnCly, 0.1 mM
NayHPO,, 2 mM Nay-EDTA, 35 mM HEPES-KOH [pH 7.8])
for 20 min at room temperature. For the import of prlic40 and
prOE23 into Chlamydomonas chloroplasts, we found that import
efficiencies were much higher when import was performed in the
import buffer for pea chloroplasts (330 mM sorbitol, 50 mM
HEPES-KOH [pH 8.0]) containing 5 mM Mg-ATP, and still
showed the same pattern of developmental regulation. Thus, for
these two precursors data obtained using the pea chloroplast
import buffer are presented.

Chloroplasts of different ages have several different character-
istics. For example, older chloroplasts have more chlorophylls per
chloroplast and are also larger in size and have larger surface area
[8,39] and possibly more receptors per chloroplast. We therefore
used two methods for normalization during import. Import
reactions were performed with either an equal number of
chloroplasts or an equal amount of chlorophyll in each reaction.
The three groups of age-selective import patterns were obtained
with both methods (Figure S3A). However, we found that
chlorophyll measurements were more accurate and consistent,
and significant variations were often obtained with chloroplast
number counting from different counts and dilutions. We
therefore used an equal amount of chlorophyll per reaction for
further characterizations. The same age-selective import patterns
were also observed when import was performed for 10 min (Figure
S3B).

Protein samples were analyzed by SDS-PAGE using the
NuPAGE gel system (Invitrogen), exposed to X-ray films, and
quantified using a phosphorimager (Fuji FLA-5000 imaging
system). Some samples were additionally analyzed by immuno-
blotting as described [40]. Immunoblots were quantified using the
Luminescent Image Analyzer LAS1000 Plus and Image Gauge
version 4.0 software (Fujifilm). The antibodies against glutamine
synthetase 2 (AS08 296), CAB (ASO1 004), and Chlamydomonas
chloroplast stromal Hsp70B (AS06 175) were purchased from
Agrisera.

The antibody against mitochondrial porin was produced by
cloning the gene encoding Arabidopsis mitochondrial porin
(At3g01280) into the pGEX-5X-1 vector. The GST-porin fusion
protein was purified from E. coli and used as antigen for
immunization in rabbits. The antibody was used at a dilution of
1:1,000. Antibodies against Tocl59 [38], Ticll0 [38], Toc75
[38], Tic40 [11], and cpHsc70/S78 [41] were produced and used

as described.

Arabidopsis Transformation and Chloroplast
Fractionation

The TIC40p:prTic40 and TIC40p:RBCSip-mTic40 transgenes
were cloned into the binary vector pPZP221 [42], introduced
into Agrobacterium tumefaciens GV3101 and transformed into the
tic40-1 mutant [11] using the floral spray method [43]. Indepen-
dent transgenic lines containing at least one copy of the transgene
were selected from subsequent generations and used for further
analyses. Arabidopsis chloroplast isolation and fractionation were
performed as described [44].
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DNA Clones and Fusion and Mutant Constructs

The full names of precursors used in this study, and their
accession numbers and species, are listed in Table S1. EST clones
of C. remhardtii Cr-prRBCS and Cr-prL11 were obtained from
Kazusa DNA Research Institute [45]. Primers used for building
fusion constructs are listed in Table S2. For the construction of
RBCStp-mTic40, the RBCStp-mTic40 fragment was amplified by
two-step PCR. The first rounds of PCR were performed to
generate the soybean RBCS transit peptide (RBCStp) from
prRBCS [46] and the Tic40 mature region from an Arabidopsis
Tic40 cDNA that was subcloned into the pSP72 plasmid (pSP72-
atTic40). The RBCStp-mTic40 fragment was then amplified by a
second round of PCR using the two PCR products from the first
rounds as the template and with a forward primer adding a
BamHI site and a T7 primer as the reverse primer. The fragment
was cloned into the BamHI/EcoRI site of pSP72, creating the
plasmid pSP72-RBCStp-mTic40. For Tic40tp-mRBCS, the Tic40
transit peptide (Tic40tp) fragment was amplified by PCR from
pSP72-atTic40, with a forward primer adding an Xhol site and a
reverse primer adding an Sphl site. The amplified fragment was
subcloned into the Xhol/Sphl site of the plasmid pSP72-mSS
[47]. For RBCStp-GST, the pea prRBCS transit peptide fragment
was amplified by PCR from a plasmid containing the pea prRBCS
cDNA cloned into the pSP64 plasmid, with the forward and
reverse primers both adding an EcoNI site to the PCR fragment.
The fragment was digested with EcoNI and subcloned into the
EcoNI site of the vector pGEX-5X-1 [48]. The RBCStp-GST
fragment was then amplified by PCR, with a forward primer
adding a BamHI site and a reserve primer adding an EcoRI site,
and the amplified fragment was subcloned into the BamHI/EcoRI
site. of pSP72, resulting in the plasmid pSP72-PsRBCStp-GST.
The soybean prRBCS transit peptide was excised from the
soybean—pea hybrid prRBCS [46] using HindIII and Sphl and
cloned into the HindIII/Sphl site of pSP72-PsRBCStp-GST to
replace the pea prRBCS transit peptide. The resulting plasmid was
called pSP72-RBCStp-GST and was used to produce RBCStp-
GST for import assays. For Tic40tp-GST, the Tic40 transit
peptide fragment was amplified by PCR from a plasmid
containing the pea prTic40 ¢cDNA cloned into pBluescript, with
a T7 primer and a reverse primer adding an Sphl site. The
fragment was then subcloned into the Xhol/Sphl site of pSP72-
PsRBCStp-GST, replacing the pea prRBCS transit peptide. For
TIC40p:prTic40 and TIC40p:RBCStp-mTic40, the two fragments
were amplified by two-step PCR. The first rounds of PCR were
performed to generate the 71C40 2-kb promoter fragment from
Arabidopsis leat genomic DNA and the Tic40 full-length ¢cDNA
from pSP72-atTic40, or the RBCStp-mTic40-encoding fragment
from pSP72-RBCStp-mTic40. The second rounds of PCR were
performed to generate the TIC40p:prTic40 and TIC40p:RBCStp-
mTic40 fragments using the first rounds of PCR products as
templates and with a forward primer adding a Kpnl site and a
reserve primer adding an Xbal site to the PCR fragment. The
amplified fragments were subcloned into the Kpnl/Xbal site of
the transformation vector pPZP221 [42].

For the nine-amino-acid alanine block scanning mutations of
prTic40 transit peptide, a PCR approach was used to introduce
mutations into the transit peptides [49]. For each mutant, one pair
of complementary primers was designed. The primers consisted of
mutated residues in the central region, flanked by wild-type
sequences. With the wild-type template DNA and these primers,
including the complementary pair, N-terminal, and C-terminal
primers, the first round of PCR was performed to generate two
fragments, the 5" and 3’ segments. The second round of PCR was
performed with the 5’ and 3’ segments as templates, and the N-
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terminal and C-terminal primers. The PCR products were
subcloned and then sequenced. For amino acid changes, the
QuikChange Site-Directed Mutagenesis Kit was used (Agilent
Technologies).

Supporting Information

Figure S1 The protein levels of pea chloroplast cpHsc70
and Chlamydomonas chloroplast Hsp70B remain con-
stant during the developmental stages analyzed. (A)
Chloroplasts were 1solated from pea leaves of different ages, and
total chloroplast proteins were analyzed by SDS-PAGLE followed
by Coomassie Blue staining, or immunoblotting using an antibody
against cpHsc70. An equal number of chloroplasts were loaded in
each lane. (B) Chloroplasts were isolated from synchronized
cultures of Chlamydomonas 1, 6, and 11 h after the start of the third
light cycle, and total chloroplast proteins were analyzed by SDS-
PAGE followed by Coomassie Blue staining, or immunoblotting
using the antibody against Hsp70B. An equal number of
chloroplasts were loaded in each lane. The positions of
endogenous RBCL, CAB, and RBCS in pea chloroplasts are
labeled.

(PDF)

Figure S2 Test of age selectivity of more chloroplast
precursor proteins. Various precursor proteins were imported
into chloroplasts isolated from pea leaves of different ages. Intact
chloroplasts were re-isolated after the import reaction and
analyzed by SDS-PAGE and autoradiography. The amount of
endogenous cpHsc70 or co-imported Hsp93 of the same sample
was analyzed and used for normalization in quantifications shown
in the bar graph below each gel. The amount of mature proteins
imported in leaf 1 was set as 100%. Data shown are means = SD,
n= 3. m, mature form; p, precursor form; TR, in vitro-translated
precursor proteins before import.

(PDE)

Figure S3 Three age-selective groups were observed
using different import conditions. (A) Import of prRBCS,
prHsp93, and prTic40 using an equal number of chloroplasts in
each reaction. Chloroplasts were isolated from leaves of different
ages and used for import experiments. Each reaction contained
25 ul of in vitro-translated precursor proteins, 1.5x10° chloro-
plasts, 3 mM Mg-ATP, and import buffer to a final volume of
60 pl. Import was performed for 25 min at room temperature.
The TR lane for the prTic40 panel is from a longer exposure of
the same gel of the import samples. A representative result of three
independent experiments is shown. (B) Ten-minute import
reactions of the same three representative precursors. All three
precursors were imported together in the same reaction. Each
reaction contained 10 ul of prRBCS, 5 ul of prHsp93, 10 pl of
prTic40, 20 ug of chlorophylls of chloroplasts, 3 mM Mg-ATP,
and import buffer to a final volume of 60 pl. Import was
performed for 10 min at room temperature. A representative
result of two independent experiments is shown. For both (A) and
(B), intact chloroplasts were re-isolated and analyzed by SDS-
PAGE and autoradiography. Equal numbers of chloroplasts were
loaded in each lane. The amount of cpHsc70 in each sample was
analyzed by immunoblotting. m, mature form; p, precursor form;
TR, in vitro—translated precursor proteins before import.

(PDF)

Figure S4 Analyses of Tic40 proteins in the TIC%0
transgenic plants. (A) All 7/C40 transgenic plants have a
comparable steady state Tic40 protein level. Total protein extracts
of plants shown in Figure 4B were analyzed by immunoblotting.
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Mitochondrial porin and chloroplast Tic110 and Toc75 were
analyzed as controls. The relative amount of Tic40, normalized to
the amount of porin in the same sample and with the level in the
wild type set as 1, is labeled beneath the Tic40 blot. (B) Tic40
proteins were localized in the inner envelope membrane.
Chloroplasts were isolated from the #2 line of the
TIC40p:RBCStp-mTic40 transgenic plants and the #2 line of the
TIC40p:prTic40 transgenic plants and fractionated as described
[44]. The localizations of Toc75 (outer envelope membrane, OM),
Ticl10 (inner envelope membrane, IM), glutamine synthetase 2
(GS2; stroma, S), and CAB (thylakoid, Thy.) in the same samples
were also analyzed as markers for each fraction. T, total
chloroplasts.

(PDF)

Figure 85 Import of Cr-prRBCS and Cr-prL11 into pea
chloroplasts of different ages. Cr-prRBCS is recognized as a
group I precursor, and Cr-prL11 is recognized as a group III
precursor by pea chloroplasts. Precursor proteins were imported
into chloroplasts isolated from pea leaves of different ages. Intact
chloroplasts were re-isolated after the import reaction and
analyzed by SDS-PAGE and autoradiography. Cr-prL11 was
processed into multiple bands after import into pea chloroplasts.
Thermolysin treatments of chloroplasts after import were used to
confirm that all the bands quantified were within chloroplasts (data
not shown). The amount of mature Hsp93 imported in the same
sample was used for normalization in quantifications shown in the
bar graph below each gel. The amount of mature proteins
imported in leaf 1 was set as 100%. Data shown are means = SD,
n= 3. m, mature form; p, precursor form; TR, in vitro-translated
precursor proteins before import.

(PDF)

Figure S6 Import of prTic40 and prL11 transit peptide
mutants. (A) Post-import trypsin treatment of prTic40 and
prTic40-A(10-18). prHsp93 was co-imported with prTic40 or
prTic40-A(10-18). Chloroplasts after import were treated with
trypsin. For the post-import trypsin treatment, the import assay
was stopped by adding an excess amount of ice-cold import buffer,
separated into two halves and spun down at 3,800 rpm for 5 min.
One half was resuspended in import buffer, and the other half was
resuspended in import buffer containing 100 ug ml™" trypsin.
Both reactions were incubated in the dark at room temperature for
1 h. Trypsin digestion was stopped by adding one-tenth volume of
20 mg ml™" trypsin inhibitor. The reaction mixture was kept in
the dark on ice for 10 min. Intact chloroplasts were re-isolated. All
samples were analyzed by SDS-PAGE and autoradiography.
Samples were also analyzed by SDS-PAGE followed by immuno-
blotting analyses of Toc75, which is trypsin sensitive, to confirm
the effectiveness of the trypsin treatment. O, chloroplasts from leaf
4; TR, in vitro—translated precursor protein; Y, chloroplasts from
leaf 1. (B) The prL11(KK4445EE) mutation specifically reduced
import into old chloroplasts. Import efficiency was calculated as
the percentage of precursor proteins added to the import reaction
that was imported into the chloroplasts. Each value was then
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Figure S7 Sequence alignment of gene family isoforms
analyzed. (A) cpHsc70 family; (B) BCCP family; (C) Cpn60
family; (D) Cpnl0O family; (E) DJC23 family. Transit peptide
processing sites, as predicted by ChloroP, are indicated by arrows.
(PDF)

Figure 88 Tocl59 family members in soybean (Glycine
max) and M. truncatula are also separated into three
subgroups. Soybean and M. truncatula Tocl59 homolog
sequences were retrieved from PlantGDB (http://www.plantgdb.
org). The prefix “Gm” 1s used for soybean, “Mt” for M. truncatula,
and “At” for Arabidopsis sequences. Multiple sequence alignment
was performed using the BLOSUM protein weight matrix, and
the phylogenetic tree was constructed using the neighbor-joining
method of the ClustalX program. The unrooted neighbor-joining
tree was visualized by the TreeView program (http://taxonomy.
zoology.gla.ac.uk/rod/treeview.html). Bootstrap values shown on
the branches were computed with 1,000 replicates. Three clades
were supported by 100% of the bootstrap value.

(PDF)

Table S1 Full names and accession numbers of precur-
sors used in this study. Transit peptide sequences of group III
precursors are also included. Two consecutive amino acids with
positive charges are underlined. Transit peptide processing site is
based on ChloroP prediction or published literature. Two
consecutive positive charges are not found within the ChloroP-
predicted transit peptide of DJC66 (predicted processing site
indicated by an upward arrow), but three consecutive Arg are
found eight amino acids downstream. Proteins with accession
numbers with “Atxg” are from Arabidopsis.

(DOC)

Table S2 Primers used for building fusion constructs.
The restriction enzyme sites used for cloning are underlined.

(DOC)

Acknowledgments

We thank Dr. Teng-Yung Feng for providing the CC-400 cw!5 strain of C.
reinhardtii, Dr. Soo-Chen Cheng for the Dounce tissue grinder, Dr. Danny
Schnell for the prFd-protA clone, Dr. Ken Keegstra for the anti-pea S78
(stromal cpHsc70) antibody, and Dr. Chi-Chou Chiu for the J-protein
clones and phylogenetic analyses. We also thank Drs. Bo Liu and Steve
Theg for critical reading of the manuscript and Dr. AndreAna Pea for
English editing.

Author Contributions

The author(s) have made the following declarations about their
contributions: Conceived and designed the experiments: HmL YST.
Performed the experiments: YST PTC. Analyzed the data: HmL YST
PTC. Contributed reagents/materials/analysis tools: HmL. Wrote the
paper: HmL.

6. Jarvis P (2008) Targeting of nucleus-encoded proteins to chloroplasts in plants.
New Phytol 179: 257-285.

7. Inaba T, Schnell DJ (2008) Protein trafficking to plastids: one theme, many
variations. Biochem J 413: 15-28.

8. Dahlin C, Cline K (1991) Developmental regulation of the plastid protein import
apparatus. Plant Cell 3: 1131-1140.

9. Tripp J, Inoue K, Keegstra K, Froehlich JE (2007) A novel serine/proline-rich
domain in combination with a transmembrane domain is required for the
insertion of AtTic40 into the inner envelope membrane of chloroplasts. Plant J

52: 824-838.

October 2012 | Volume 10 | Issue 10 | e1001416



20.

21.

22.

24.

26.

27.

28.

. Li M, Schnell DJ (2006) Reconstitution of protein targeting to the inner envelope

membrane of chloroplasts. J Cell Biol 175: 249-259.

. Chou ML, Fitzpatrick LM, Tu SL, Budziszewski G, Potter-Lewis S, et al. (2003)

Tic40, a membrane-anchored co-chaperone homologue in the chloroplast
protein translocon. EMBO J 22: 2970-2980.

. Kovacheva S, Bedard J, Patel R, Dudley P, Twell D, et al. (2005) In vivo studies

of the roles of Ticl10, Tic40 and Hsp93 during chloroplast protein import.
Plant J 41: 412-428.

. Yan X, Khan S, Hase T, Emes MJ, Bowsher CG (2006) Differential uptake of

photosynthetic and non-photosynthetic proteins by pea root plastids. FEBS Lett
580: 6509-6512.

. Primavesi LF, Wu H, Mudd EA, Day A, Jones HD (2008) Visualisation of

plastids in endosperm, pollen and roots of transgenic wheat expressing modified
GFP fused to transit peptides from wheat SSU RubisCO, rice FtsZ and maize
ferredoxin III proteins. Transgenic Res 17: 529-543.

Sattarzadeh A, Fuller J, Moguel S, Wostrikoff K, Sato S, et al. (2010) Transgenic
maize lines with cell-type specific expression of fluorescent proteins in plastids.
Plant Biotechnol J 8: 112-125.

Su Q, Schild C, Schumann P, Boschetti A (2001) Varying competence for
protein import into chloroplasts during the cell cycle in Chlamydomonas.
Eur J Biochem 268: 2315-2321.

Su PH, Li Hm (2008) Arabidopsis stromal 70-kD heat shock proteins are
essential for plant development and important for thermotolerance of
germinating seeds. Plant Physiol 146: 1231-1241.

. Zybailov B, Rutschow H, Friso G, Rudella A, Emanuelsson O, et al. (2008)

Sorting signals, N-terminal modifications and abundance of the chloroplast
proteome. PLoS ONE 3: ¢1994. doi:10.1371/journal.pone.0001994.

. von Heijne G, Nishikawa K (1991) Chloroplast transit peptides. The perfect

random coil? FEBS Lett 278: 1-3.

Lung SC, Chuong SD (2012) A transit peptide-like sorting signal at the C
terminus directs the Bienertia sinuspersici preprotein receptor Tocl159 to the
chloroplast outer membrane. Plant Cell 24: 1560-1578.

Kubis S, Patel R, Combe J, Bedard J, Kovacheva S, et al. (2004) Functional
specialization amongst the Arabidopsis Tocl59 family of chloroplast protein
import receptors. Plant Cell 16: 2059-2077.

Smith MD, Rounds CM, Wang F, Chen K, Afitthile M, et al. (2004) atToc159 is
a selective transit peptide receptor for the import of nucleus-encoded chloroplast
proteins. J Cell Biol 165: 323-334.

. Inoue H, Rounds C, Schnell DJ (2010) The molecular basis for distinct

pathways for protein import into Arabidopsis chloroplasts. Plant Cell 22: 1947
1960.

Ivanova Y, Smith MD, Chen K, Schnell DJ (2004) Members of the Toc159
import receptor family represent distinct pathways for protein targeting to
plastids. Mol Biol Cell 15: 3379-3392.

. Bischof'S, Baerenfaller K, Wildhaber T, Troesch R, Vidi PA, et al. (2011) Plastid

proteome assembly without Tocl59: photosynthetic protein import and
accumulation of N-acetylated plastid precursor proteins. Plant Cell 23: 3911—
3928.

Schmidt O, Harbauer AB, Rao S, Eyrich B, Zahedi RP, et al. (2011) Regulation
of mitochondrial protein import by cytosolic kinases. Cell 144: 227-239.
Nargund AM, Pellegrino MW, Fiorese CJ, Baker BM, Haynes CM (2012)
Mitochondrial import efficiency of ATFS-1 regulates mitochondrial UPR
activation. Science 337: 587-590.

Lee S, Lee DW, Lee Y, Mayer U, Stierhof YD, et al. (2009) Heat shock protein
cognate 70-4 and an E3 ubiquitin ligase, CHIP, mediate plastid-destined
precursor degradation through the ubiquitin-26S proteasome system in
Arabidopsis. Plant Cell 21: 3984-4001.

PLOS Biology | www.plosbiology.org

14

29.

30.

31.

32.

33.

36.

37.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

Age-Dependent Import Regulation by Transit Peptide

Stengel A, Benz P, Balsera M, Soll J, Bolter B (2008) TIC62 redox-regulated
translocon composition and dynamics. J Biol Chem 283: 6656-6667.

Oreb M, Hofle A, Mirus O, Schleiff E (2008) Phosphorylation regulates the
assembly of chloroplast import machinery. J Exp Bot 59: 2309-2316.

Chigri F, Soll J, Vothknecht UC (2005) Calcium regulation of chloroplast
protein import. Plant J 42: 821-831.

Kang SW, Rane NS, Kim SJ, Garrison JL, Taunton J, et al. (2006) Substrate-
specific translocational attenuation during ER stress defines a pre-emptive
quality control pathway. Cell 127: 999-1013.

Rane NS, Chakrabarti O, Feigenbaum L, Hegde RS (2010) Signal sequence
insufficiency contributes to neurodegeneration caused by transmembrane prion

protein. J Cell Biol 188: 515-526.

. Perry SE, Li H-m, Keegstra K (1991) In vitro reconstitution of protein transport

into chloroplasts. Methods Cell Biol 34: 327-344.

Gorman DS, Levine RP (1965) Cytochrome f and plastocyanin: their sequence
in the photosynthetic electron transport chain of Chlamydomonas reinhardtii. Proc
Natl Acad Sci U S A 54: 1665-1669.

Mason CB, Bricker TM, Moroney JV (2006) A rapid method for chloroplast
isolation from the green alga Chlamydomonas reinhardtii. Nat Protoc 1: 2227-2230.
Tranel PJ, Froehlich J, Goyal A, Keegstra K (1995) A component of the
chloroplastic protein import apparatus is targeted to the outer envelope
membrane via a novel pathway. EMBO J 14: 2436-2446.

. Tu SL, Chen L], Smith M, Su Y-s, Schnell D, et al. (2004) Import pathways of

chloroplast interior proteins and the outer-membrane protein OEP14 converge
at Toc75. Plant Cell 16: 2078-2088.

Shipman RL, Inoue K (2009) Suborganellar localization of plastidic type I signal
peptidase 1 depends on chloroplast development. FEBS Lett 583: 938-942.

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

Nielsen E, Akita M, Davila-Aponte J, Keegstra K (1997) Stable association of
chloroplastic precursors with protein translocation complexes that contain
proteins from both envelope membranes and a stromal Hspl00 molecular
chaperone. EMBO J 16: 935-946.

Hajdukiewicz P, Svab Z, Maliga P (1994) The small, versatile pPZP family of
Agrobacterium binary vectors for plant transformation. Plant Mol Biol 25: 989~
994.

Chung MH, Chen MK, Pan SM (2000) Floral spray transformation can
efficiently generate Arabidopsis transgenic plants. Transgenic Res 9: 471-476.

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

Methods Mol Biol 774: 339-350.

. Asamizu E, Nakamura Y, Miura K, Fukuzawa H, Fujiwara S, et al. (2004)

Establishment of publicly available cDNA material and information resource of
Chlamydomonas reinhardtii (Chlorophyta), to facilitate gene function analysis.
Phycologia 43: 722-726.

Lubben TH, Keegstra K (1986) Efficient in vitro import of a cytosolic heat shock
protein into pea chloroplasts. Proc Natl Acad Sci U S A 83: 5502-5506.

Li H-m, Chen L:J (1996) Protein targeting and integration signal for the
chloroplastic outer envelope membrane. Plant Cell 8: 2117-2126.

Aatsinki JT, Rajaniemi HJ (2005) An alternative use of basic pGEX vectors for
producing both N- and C-terminal fusion proteins for production and affinity
purification of antibodies. Protein Expr Purif 40: 287-291.

Ho SN, Hunt HD, Horton RM, Pullen JK, Pease LR (1989) Site-directed
mutagenesis by overlap extension using the polymerase chain reaction. Gene 77:
51-59.

Ratnayake RM, Inoue H, Nonami H, Akita M (2008) Alternative processing of
Arabidopsis Hsp70 precursors during protein import into chloroplasts. Biosci
Biotechnol Biochem 72: 2926-2935.

October 2012 | Volume 10 | Issue 10 | e1001416



