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ClpC is a molecular chaperone of the Hsp100 family. In higher plants there are two chloroplast-localized paralogs (ClpC1 and
ClpC2) that are approximately 93% similar in primary sequence. In this study, we have characterized two independent
Arabidopsis (Arabidopsis thaliana) clpC1 T-DNA insertion mutants lacking on average 65% of total ClpC content. Both mutants
display a retarded-growth phenotype, leaves with a homogenous chlorotic appearance throughout all developmental stages,
and more perpendicular secondary influorescences. Photosynthetic performance was also impaired in both knockout lines,
with relatively fewer photosystem I and photosystem II complexes, but no changes in ATPase and Rubisco content. However,
despite the specific drop in photosystem I and photosystem II content, no changes in leaf cell anatomy or chloroplast
ultrastructure were observed in the mutants compared to the wild type. Previously proposed functions for envelope-associated
ClpC in chloroplast protein import and degradation of mistargeted precursors were examined and shown not to be
significantly impaired in the clpC1 mutants. In the stroma, where the majority of ClpC protein is localized, marked increases of
all ClpP paralogs were observed in the clpC1 mutants but less variation for the ClpR paralogs and a corresponding decrease in
the other chloroplast-localized Hsp100 protein, ClpD. Increased amounts of other stromal molecular chaperones (Cpn60,
Hsp70, and Hsp90) and several RNA-binding proteins were also observed. Our data suggest that overall ClpC as a stromal
molecular chaperone plays a vital role in chloroplast function and leaf development and is likely involved in photosystem
biogenesis.

In all plant cells the protein environment is a con-
stantly changing one, and there exists several distinct
mechanisms by which these intricate protein interac-
tions are controlled. Two well-recognized mechanisms
are that of molecular chaperones and proteases. These
ubiquitous regulatory proteins act directly upon the
structure and function of many different polypeptides.
Chaperones assist in protein folding/unfolding, pro-
tein subunit assembly, and the import of many nuclear-
encoded polypeptides into organelles. Chaperone
activity is vital throughout the plant lifecycle, as well as
under different growth conditions, especially adverse
ones such as high temperatures. Many work in concert
to facilitate correct protein folding, assembly, and re-
pair, while others interact with proteolytic components

to degrade terminally damaged proteins that might
otherwise accumulate to potentially harmful levels
(Parsell and Lindquist, 1993). Indeed, degradation of
cellular proteins is a constant and ongoing process
critical for continued plant growth and development.
Apart from removing abnormal or otherwise damaged
polypeptides, proteolysis also regulates the stability of
key enzymes and regulatory proteins and facilitates the
recycling of valuable amino acids (Spremulli, 2000).

Chloroplasts are particularly dynamic organelles,
not only importing approximately 3,000 different nu-
clear-encoded proteins from the cytosol, but also pro-
ducing approximately 120 proteins from its own
plastome (Leister, 2003). Not surprisingly, many differ-
ent chaperones and proteases function inside chloro-
plasts, spread throughout the various compartments.
Chaperones of the Hsp70, Hsp100, and Cpn60 (Hsp60)
families, for example, exist in the stroma and bind to en-
velope membranes, whereas peptidyl-prolyl isomerase
is in the thylakoid lumen (Fulgosi et al., 1998). Similarly,
proteases like the ATP-dependent Clp and FtsH exist in
the stroma and stroma-exposed thylakoid membranes,
respectively, whereas the ATP-independent DegP pro-
teases occur within the thylakoid lumen and on both
sides of thylakoid membranes. These types of proteases
are homologous to bacterial counterparts best charac-
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terized in Escherichia coli but have many paralogs in
higher plants (Adam and Clarke, 2002).

Clp proteases are a well-defined group of ATP-
dependent, Ser-type proteases present in eubacte-
ria, plants, and mammals. They are characteristically
a two-component enzyme, a ClpP endopeptidase
that requires the ATP-dependent unfolding activity
of a Hsp100 molecular chaperone (Gottesman, 1996).
Hsp100 chaperones belong to the family of AAA1

proteins (ATPases associated with various cellular
activities) that often drive molecular processes such
as protein unfolding, disassembly of protein com-
plexes, and different protein-translocating activities
(Dougan et al., 2002). The model Clp protease from E.
coli has a central proteolytic core comprised of two
opposing heptameric rings of ClpP, which are flanked
at one or both ends by a single hexameric ring of either
ClpA or ClpX, both of which are Hsp100 proteins
(Grimaud et al., 1998). The regulatory chaperones
confer substrate specificity, translocating the unfolded
proteins into the catalytic chamber of ClpP (Gottesman
et al., 1997; Ishikawa et al., 2001). Within this chamber,
ClpP rapidly degrades the polypeptide into smaller
fragments that later diffuse out.

Despite plants having by far the greatest known
number and diversity of Clp proteins, with at least 23
individual proteins identified in the model species
Arabidopsis (Arabidopsis thaliana), relatively little is
known about their precise functions. Of those proteins
identified, 10 are Hsp100/Clp chaperones of different
types (four ClpB, two ClpC, one ClpD, and three
ClpX), six proteolytic subunits (ClpP), and four ClpP-
like proteins coined ClpR (Adam et al., 2001). Of the
Hsp100 proteins, three ClpB paralogs were located in
the cytosol, whereas the fourth (ClpB3) is chloroplastic
(Peltier et al., 2004), as are the ClpC and ClpD proteins
(Moore and Keegstra, 1993; Weaver et al., 1999). Most,
if not all, ClpX proteins are in mitochondria along with
ClpP2 (Halperin et al., 2001a; Peltier et al., 2004), while
the four nuclear-encoded ClpP proteins (ClpP3–6) and
plastomic ClpP1 are chloroplast proteins, as are the
four ClpR paralogs (Nakabayashi et al., 1999; Peltier
et al., 2001).

All chloroplast Clp proteins are primarily localized
in the stroma (Moore and Keegstra, 1993; Shanklin
et al., 1995; Halperin and Adam, 1996; Sokolenko et al.,
1998; Weaver et al., 1999; Zheng et al., 2002; Peltier
et al., 2004). Of the Hsp100 proteins, ClpB3 is almost
certainly an HSP (Keeler et al., 2000) and does not
associate with ClpP in an active protease, instead
probably functioning solely as a chaperone in the
solubilization of heat-induced protein aggregates
(Weibezahn et al., 2004). ClpC and ClpD, however,
are likely partners of ClpP, as both contain the con-
served motifs (ILGF with an upstream K/R) important
for complexing to ClpP (Kim et al., 2001). ClpC is
constitutively more abundant than ClpD, which is
inducible by stresses such as prolonged low tem-
peratures (Zheng et al., 2002). Binding between chlo-
roplast ClpC and ClpP has been demonstrated

(Desimone et al., 1997; Sokolenko et al., 1998; Halperin
et al., 2001b), inferring the existence of active ClpCP
proteases in the stroma. The ClpP and ClpR paralogs
apparently form a single, heterogeneous 14-subunit
proteolytic core in chloroplasts, which also includes
two new types of Clp protein of unknown function
that are unique to higher plants (Peltier et al., 2004).

Many of the different Clp proteins perform impor-
tant functions in chloroplasts. Evidence shows that
plastomic ClpP1 plays a role in the degradation of the
cytochrome b6 f and PSII complexes in Chlamydomonas
reinhardtii (Majeran et al., 2000, 2001), and disruption
of its expression in tobacco (Nicotiana tabacum) retards
chloroplast development and causes ablation of the
shoot system (Shikanai et al., 2001; Kuroda and
Maliga, 2003). Early attempts to repress clpC expres-
sion in tobacco using the antisense technique failed to
produce viable cell lines with significant decreases in
ClpC content (Shanklin et al., 1995), suggesting ClpC
was an essential chloroplast protein. Similarly, the
closely related ClpC in cyanobacteria is also necessary
for cell viability and phototrophic growth (Clarke and
Eriksson, 1996). The majority of ClpC in the stroma is
believed to function as a housekeeping enzyme, both
in its capacity as an independent molecular chaperone
and as the regulatory component of the Clp protease
(for review, see Adam and Clarke, 2002). ClpC has also
been implicated in the stromal degradation of aberrant
imported preproteins normally targeted to the thyla-
koid membranes (Halperin and Adam, 1996). The
small proportion of ClpC associated to the envelope
membrane is also thought to act as a molecular chap-
erone in the import process of cytosolic preproteins via
the Tic-Toc pathway (Akita et al., 1997; Nielsen et al.,
1997; Kouranov et al., 1998). To better understand the
importance of ClpC in chloroplasts, we have examined
the effect of decreased amounts of this essential pro-
tein in Arabidopsis. In this study, we demonstrate that
the inactivation of the clpC1 gene by T-DNA insertion
causes a significant drop in total ClpC content in
chloroplasts and produces a pleiotropic phenotype
that includes retardation in plant growth and devel-
opment, chlorosis of leaves, impairment to the photo-
synthetic process, and a specific loss in PSI and PSII
content.

RESULTS

Screening of Arabidopsis clpC1 Mutant Lines

To investigate the role of ClpC in chloroplasts,
searches were made of all available T-DNA insertion
libraries for Arabidopsis clpC1 and clpC2 mutant lines.
Although no putative clpC2 knockout was found, two
independent mutant lines with a proposed T-DNA
insertion in the clpC1 gene were obtained from the Salk
Institute of Genomic Analysis Laboratory (SALK) and
Syngenta Arabidopsis Insertion Library (SAIL). For
the clpC1-SALK line, the T-DNA is inserted in the fifth
exon 2,044 bp from the clpC1 start codon, whereas for
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the clpC1-SAIL line the insertion is in the seventh exon
2,603 bp from the start codon (Fig. 1A). Homozygote
knockout lines with single T-DNA insertions were
identified by seed segregation (data not shown). In-
activation of the clpC1 gene was confirmed by reverse
transcription (RT)-PCR (Fig. 1B). Using gene-specific
primers, no clpC1 mRNA was detected in either
mutant line, in contrast to the wild type, whereas the
transcript level for the clpC2 paralog remained un-
affected. Using a ClpC antibody that does not distin-
guish between the two paralogs (Zheng et al., 2002),
total ClpC content in leaves dropped approximately
65% in the mutant lines compared to the wild type
(Fig. 1C). Following confirmation, the mutants were
renamed to clpC1-1 for the SALK line and clpC1-2 for
the SAIL line.

Pleiotropic Phenotype for clpC1 Mutants

Both mutant lines showed a distinct slow-growing,
chlorotic phenotype (Fig. 2A). Under standard growth

conditions, mutant plants grew vegetatively only to
a diameter of 11 to 14 cm prior to influorescence at 13
to 14 weeks, compared to 18 to 21 cm for the wild type
after 8 to 9 weeks. Throughout vegetative growth, all
mutant leaves including the cotyledons exhibited
a homogeneous, chlorotic appearance. Measurements
confirmed mutant leaves had approximately two-
thirds lower chlorophyll content than the wild type
(Fig. 3A) but no significant change in relative protein
content (data not shown). During reproductive de-
velopment, the mutant lines formed secondary in-
fluorescences more perpendicular to the primary
influorescence, which was also slightly shorter than
that in wild type, thereby giving the mutants a more
bushy appearance (Fig. 2B). The various influorescen-
ces, cauline leaves, and siliques also showed the same
chlorotic phenotype as the vegetative leaves.

Because of the chlorotic, retarded growth phenotype
of the mutant lines, the physiological state of the leaves
was further examined by measuring different photo-
synthetic parameters. As determined by chlorophyll
fluorescence, the photochemical efficiency of PSII (Fv/
Fm) in 6-week-old plants was slightly, but significantly,
lower in the mutants than in the wild type (Fig. 3A).
Estimates of electron transport rates (ETRs) showed
more dramatic differences, with mutant leaves having
markedly reduced photosynthetic efficiency (i.e. quan-
tum yield as determined from the initial slope of the
light-response curve) and an almost halved photosyn-
thetic capacity as measured at the highest light in-
tensity (Fig. 3B).

clpC1 Mutants Have Lower Photosystem Content But No

Change in Leaf Anatomy and Chloroplast Ultrastructure

Because of the distinct morphological and physio-
logical changes to the clpC1 mutants, an extensive
examination of the leaf cell anatomy and chloroplast
ultrastructure was performed. In terms of leaf anat-
omy, light microscopy was used to analyze chloroplast
number per cell, the percent of intercellular areas
within the mesophyll cross section, and the percent of
chlorophyll area per cell area. For chloroplast ultra-
structure, electron microscopy was used to analyze the
average size of chloroplasts, thickness of granal stacks,
and amount of lamellae measured from the middle of
the chloroplast. All microscopy measurements were
done on both palisade and spongy mesophyll cells.
Surprisingly, no significant differences were observed
for any of these parameters in the mutant leaves (data
not shown). Because of this, the relative amount of
different photosynthetic protein complexes in the mu-
tant lines was examined by immunoblotting. Anti-
bodies specific for the following marker proteins were
used to quantify the relative amounts of each photo-
synthetic complex: PsaD and PsaL for PSI, D1 and
Lhcb2 for PSII, CF1 b-subunit for ATPase, and large
subunit for Rubisco. As based on leaf fresh weight, the
level of both chlorophyll-containing PSI and PSII
complexes was reduced by approximately 85% and

Figure 1. Confirmation of the T-DNA insertion lines for clpC1. A,
Schematic picture of the genomic clpC1 gene in Arabidopsis. Gray
boxes and black lines represent exons and introns, respectively. Arrows
indicate the ATG start codon and the proposed T-DNA insertion sites for
the two independent mutant lines, clpC1-1 and clpC1-2. B, RT-PCR
analysis of clpC1 and clpC2 gene expression of wild type (WT), and
clpC1-1 and clpC1-2 mutant lines. Reactions were performed with
equal total RNA, with the resulting RT-PCR products visualized by
staining with GelStar. C, Immunoblot analysis of total ClpC protein in
wild type, and clpC1-1 and clpC1-2 mutant lines. Total proteins were
extracted from leaves of each plant and separated by denaturing PAGE
on the basis of equal fresh weight. Total ClpC protein was detected by
immunoblotting with an antibody that crossreacts with both ClpC1 and
ClpC2.
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50%, respectively, in the mutant lines (Fig. 4). In
contrast, amounts of the ATPase and Rubisco com-
plexes showed no significant change in the mutants
compared to the wild type (Fig. 4).

Changes in the Regulation of Chloroplast Clp Proteins

in the clpC1 Mutant

To further investigate how the other chloroplast Clp
proteins were affected by the loss of ClpC1 and de-
crease in total ClpC content, we analyzed their relative
levels in whole leaf extracts by immunoblotting using

specific antibodies. As shown in Figure 5, the loss in
ClpC content in the mutants produced a similar de-
crease (approximately 80%) in the level of ClpD, the
other member of the Hsp100 chaperone family in
chloroplasts. In contrast, amounts of the chloroplast
paralogs for the proteolytic ClpP proteins (ClpP1,
ClpP3–6) all increased between 2- and 4-fold in the
mutant lines, whereas the four ClpR paralogs showed
less variation, with significant rises observed only for
ClpR2 and ClpR4 (Fig. 5). In addition to Clp proteins,
we also investigated the amount of Cpn60, another
molecular chaperone believed to interact with ClpC

Figure 2. The clpC1 mutants
exhibit visible phenotypes. A,
Photograph of 55-d-old wild-
type (WT), clpC1-1, and clpC1-2
plants grown side by side
under the standard conditions
of 23�C/18�C day/night temper-
atures, an 8-h photoperiod with
150 mmol white light m22 s21,
and approximately 65% hu-
midity. B, Photographs of fully
grown flowering plants show-
ing the shorter primary and
more perpendicular second-
ary influorescences (magnified
in the insert for clpC1-2) in
the clpC1 mutant lines com-
pared to the wild type. Scale
bars 5 2 cm.
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following import of preproteins (Jackson-Constan
et al., 2001) and found a 3-fold rise in both mutant
lines.

Reduced ClpC Content Does Not Impair Chloroplast
Import of Preproteins in Vitro

The small proportion of ClpC associated to envelope
membranes has long been thought to be involved in
chloroplast protein import based on its interaction
with the translocation protein Tic110 and preproteins
under certain conditions (Akita et al., 1997; Nielsen
et al., 1997; Kouranov et al., 1998). Because of this, we
examined the import efficiency (both rate and quan-
tity) of different preproteins into chloroplasts isolated
from the clpC1 mutants and compared this to that of
wild-type chloroplasts. Using in vitro translation,
radiolabeled preproteins of both the small subunit of
Rubisco (SSU) and the oxygen-evolving complex 33
(OEC33) of PSII were prepared and successfully im-
ported into an equal number of intact wild-type and
mutant chloroplasts. SSU was specifically chosen for
this import assay since ClpC has previously been

shown to interact with the SSU precursor (Nielsen
et al., 1997). The rates and amount of precursor import
in this study were comparable to that previously
reported for Arabidopsis chloroplasts (Aronsson and
Jarvis, 2002). As shown in Figure 6A, however, no
significant change was observed in the import and

Figure 3. Loss of ClpC1 reduces chlorophyll content and impairs
photosynthesis. A, Table showing the reduced chlorophyll content and
lower photochemical efficiency of PSII (Fv/Fm) in the clpC1 mutants.
Values shown are the mean value from measurements done on
replicate plants of each line 6 SE (n 5 3). B, Light response curves of
photosynthesis for wild type (WT) and clpC1 mutant lines. Photosyn-
thetic ETRs as determined by chlorophyll fluorescence were measured
at irradiances (photosynthetically active radiation [PAR]) from 0 to 460
mmol photons m22 s21. Measurements were done on fully grown leaves
from three separate plants of each line grown under identical con-
ditions and of identical age.

Figure 4. Altered levels of PSI and PSII proteins in the clpC1 mutants.
Relative amounts of different photosynthetic protein complexes were
compared between the wild type (WT) and clpC1mutant lines, clpC1-1
and clpC1-2. Total cell proteins were extracted from 55-d-old leaves
from each plant and separated by denaturing PAGE on the basis of
equal fresh weight (1 mg). Marker proteins for each complex were
detected by immunoblotting using specific polyclonal antibodies (A)
and quantified (B). Selected marker proteins were PsaD and PsaL for
PSI, D1, and Lhcb2 for PSII, CF1 b-subunit for ATPase, and large subunit
for Rubisco. Amounts of each marker protein in the clpC1-1 (white bar)
and clpC1-2 (black bar) lines are shown as a percentage of the relative
wild-type level (6 SE, n 5 4), which was set at 100%.
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processing efficiency of the SSU preprotein in mutant
chloroplasts, despite the loss of approximately 65% of
ClpC protein. A similar result was obtained for the
OEC33 preprotein (data not shown).

Reduced ClpC Content Does Not Impair Degradation
of Mistargeted Preproteins in Vitro

Another function proposed for chloroplastic ClpC is
in the degradation of mistargeted preproteins as part of
a Clp proteolytic complex (Halperin and Adam, 1996;
Halperin et al., 2001b). To test this possibility, we
examined the efficiency of chloroplasts isolated from
both mutant lines and wild type to degrade a chimeric
form of OEC33 that is unable to be transported into
the thylakoid lumen upon chloroplast import. This
aberrant form of OEC33 that accumulates in the stroma
has previously been shown to be degraded in a Clp

protease-like manner (Halperin and Adam 1996;
Halperin et al., 2001b). As for the previous import
assays, the chimeric preprotein was first radiolabeled
by in vitro translation and then imported into isolated
chloroplasts. In wild-type chloroplasts, the imported
OEC33 preprotein was rapidly degraded over a 2-h
period (Fig. 6B), similar to that previously shown
(Halperin and Adam, 1996). However, the degradation
rate of the OEC preprotein was identical in the mutant
chloroplasts (Fig. 6B), indicating the decreased amount
of ClpC had no significant effect on this proteolytic
activity.

Protein Profiling of Chloroplasts from the clpC1 Mutants

Given the lack of clear effects on proposed specific
ClpC functions, we profiled proteins isolated from
mutant chloroplasts to detect those whose level may

Figure 5. Altered levels of various Clp proteins in
the clpC1 mutants. Relative amounts of different
chloroplast Clp proteins and the chaperone
Cpn60 were compared between the wild type
(WT) and clpC1 mutant lines, clpC1-1 and
clpC1-2. Total cell proteins were extracted from
55-d-old leaves from each plant and separated by
denaturing PAGE on the basis of equal fresh
weight (1 mg). Various chloroplast Clp proteins
and Cpn60 were then detected by immunoblot-
ting, using specific polyclonal antibodies (A) and
quantified (B). Proteins detected were ClpC (to-
tal), ClpD, ClpP1, ClpP3–6, ClpR1–4, and
Cpn60. Amounts of each protein in the clpC1-1
(white bar) and clpC1-2 (black bar) lines are
shown as a percentage of the relative wild-type
level (6 SE, n 5 4), which was set at 100%.
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potentially change in response to the severe pheno-
types in the mutant lines. For this study, chloroplasts
from both wild-type and mutant lines were fraction-
ated into stroma and thylakoid membranes. SDS-
PAGE using long gels (20 cm) and various acrylamide
gradients to separate selected protein mass ranges
were chosen over two-dimensional PAGE because in
our hands they better resolved a wider range of
proteins. After separation of the stromal and thylakoid
membrane fractions, those proteins that were most up-
regulated in the mutant lines relative to the wild type
were excised for identification by matrix-assisted
laser-desorption ionization time of flight (MALDI-
TOF) mass spectrometry (MS; Fig. 7). Of these, 12
had a significant protein identification hit (P , 0.05;
Fig. 7B). Six corresponded to different types of molec-
ular chaperone: Hsp90-5, Hsp70-6, Hsp70-7, Cpn60a,
Cpn60b, and Cpn21. Four of the other proteins con-
tained RNA-binding features and included SecA,
RNA helicase 3 (RH3), cp29, and an unclassified
protein containing three elongation factor Ts motifs.
Of the remaining proteins identified, one was Tic110

(the subunit of the Tic protein import complex pre-
viously shown to associate with ClpC) and the other
a lipoxygenase, a protein usually involved in metab-
olism and stress responses (Bell et al., 1995).

DISCUSSION

Higher plants commonly have two clpC genes
encoding stromal-localized paralogs of the Hsp100
molecular chaperones termed ClpC1 and ClpC2
(Gottesman et al., 1990; Adam et al., 2001; A. Clarke,
unpublished data). In this study we have character-
ized two Arabidopsis clpC1 mutants lacking approx-
imately 65% of wild-type levels of ClpC protein.
Interestingly, expression of the second clpC gene in
the mutants was unaffected by the loss of clpC1
expression. Given that the ClpC1 and ClpC2 proteins
have almost identical amino acid sequences and thus
are likely to be functionally similar, an up-regulation
of clpC2 gene expression should in theory compensate
for the loss of clpC1 transcript. However, unaltered

Figure 6. Loss of ClpC1 has no effect on chloroplast import of preproteins or the degradation of mistargeted preproteins. A,
35S-labeled precursor of Rubisco small subunit (pSSU) was imported into chloroplasts isolated from 21-d-old wild type (WT) and
clpC1-1 mutant. Samples were taken at selected times during the import assay and separated by denaturing PAGE. The top
picture shows a representative import assay, indicating the pSSU (p) and processed mature SSU (m). Rate of import, as measured
by the increase in mature SSU, was plotted as a percent of the total radiolabeled pSSU at the start of the assay. Values are aver-
ages 6 SE (n 5 3) fitted to a second-order linear regression. B, 35S-labeled precursor of a chimeric OEC33 protein lacking thyla-
koid membrane targeting sequences was imported into isolated chloroplasts from 21-d-old wild type and clpC1-1mutant. After
preprotein import for 20 min, chloroplasts were treated with thermolysin to halt import and remove any unimported preprotein.
Chloroplasts were then incubated at 25�C, with aliquots taken at different time points. Proteins were separated by denaturing
PAGE. Shown is a representative assay over 120 min, with the degradation rate of the chimeric OEC33 preprotein quantified
relative to the amount of chimeric OEC33 at the 0-min time point, which was set as 100%. Values shown are averages 6 SE

(n 5 3).
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Figure 7. Changes in chloroplast protein composition in clpC1mutants. A, Stromal and thylakoid membrane proteins extracted
from isolated chloroplasts of wild type (WT) and clpC1mutants (clpC1-1 and clpC1-2) were separated by denaturing PAGE. After
staining with coomassie blue, proteins showing the greatest quantitative change in the clpC1 mutants that were identifiable by
MALDI-TOF MS are indicated with arrowheads. B, Table containing MALDI-TOF data from analyzed proteins. Footnote a,
Molecular mass of protein determined by MS; footnote b, molecular mass calculated from PAGE size markers; footnote c,
predicted size in amino acids (aa) from the MIPS Arabidopsis database (http://mips.gsf.de); footnote d, AGI gene code for
identified protein; footnote e, significant protein scores.73 (P, 0.05); footnote f, peptide match at mass tolerance6 100 ppm,
allowing max one missed cleavage; footnote g, approximate up-regulation of protein based on stained gel bands; footnote h,
RH3 found both in stroma and thylakoid (137/203), respectively; footnote i, no stained band could be located in wild type,
therefore N 5 interminable.
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levels of clpC2 mRNA in the mutants suggest this gene
is unable to be up-regulated in response to reduced
clpC1 transcripts. It also suggests the 35% of ClpC
remaining in the mutant lines is the proportion of total
ClpC in wild-type chloroplasts normally derived from
the clpC2 gene. Furthermore, the level of the other
chloroplast Hsp100 protein, ClpD, decreased in pro-
portion to the drop in ClpC content, inferring a pos-
sible association between these two closely related
Hsp100 proteins. Although the constitutive level of
ClpD is relatively low and its exact function remains
a mystery, it is possible its down-regulation is linked to
the phenotypic changes in the clpC1 mutants.

The clpC1 mutants have a pleiotropic phenotype
that suggests ClpC plays an important role throughout
the lifecycle of the plant. Vegetative growth is signif-
icantly retarded, with all leaves showing a homoge-
neous chlorotic appearance; a chlorosis confirmed by
a severalfold reduction in leaf Chl content. This type of
chlorosis is in contrast to the variegated leaf appear-
ance of mutants of the chloroplast FtsH proteases,
VAR1 and VAR2 (for review, see Sakamoto, 2003).
Interestingly, a recent mutant Arabidopsis line with
greatly reduced ClpC2 content was shown to have no
obvious phenotypic changes (Park and Rodermel,
2004) unlike the clpC1 knockout lines. The clpC2
knockdown line, however, suppressed the variegated
leaf phenotype of the VAR2 (FtsH2) mutant and the
requirement for FtsH protease in thylakoid biogenesis
(Park and Rodermel, 2004), a result that was not
conferred by antisense repression of clpC1 expression
(S. Park and S. Rodermel, unpublished data), suggest-
ing the two ClpC paralogs may not be as functionally
indistinct as their primary sequence suggests. The
slow growth and leaf chlorosis of the clpC1 mutants
were consistent with the observed lower photosyn-
thetic rates. The fact that PSII photochemical efficiency
was less inhibited than the overall ETR infers more of
an indirect down-regulation of photosynthesis and
less of a direct stress-induced inhibition. The decrease
in PSI and PSII complexes is also consistent with the
reduced photosynthetic capacity and Chl content.
Inconsistent with an overall down-regulation of pho-
tosynthesis, however, was the unaltered levels of
ATPase and Rubisco complexes in the mutant leaves,
as well as the lack of overt changes to chloroplast
ultrastructure and number per cell. This result sug-
gests the mutant lines have a more specific defect in
PSI and PSII biogenesis, one that does not greatly
influence other photosynthetic protein complexes or
the overall thylakoid membrane structure.

A selective decrease in PSI and PSII similar to that in
the clpC1 mutants has been seen previously in the
chlorotic double mutant cpSRP432/cpSRP542 (Hutin
et al., 2002) deficient in the signal recognition particle
(SRP) preprotein translocation pathway. Since one of
the functions proposed for ClpC is in chloroplast
preprotein import and processing (Akita et al., 1997;
Nielsen et al., 1997; Kouranov et al., 1998) and that
both PSI and PSII contain nuclear-encoded subunits, it

is possible that the clpC1 mutant phenotypes are
linked to impaired import, processing, and/or trans-
location of one or more photosystem subunits. ClpC
supposedly functions in chloroplast import/postim-
port by interacting with envelope translocation com-
ponents and Tic110 (Akita et al., 1997; Nielsen et al.,
1997; Kouranov et al., 1998). Tic110 is thought to act as
a docking site for preproteins as they emerge from the
Tic translocon, conferring a unidirectional transport
into the stroma by preventing the reverse translocation
of preproteins (Inaba et al., 2004). Binding of ClpC to
Tic110 is presumed to maintain the solubility of the
associated preproteins, preventing their misfolding or
aggregation prior to being transferred to Hsp70 and/
or Cpn60 chaperones (Nielsen et al., 1997) and to
provide the driving force for complete translocation
into the stroma (Jackson-Constan et al., 2001). If ClpC
indeed performs such a vital role, then a significant
decrease in ClpC content would be expected to impair
the import process to some extent. However, no such
impairment was observed for the import and process-
ing of both SSU of Rubisco and OEC33 of PSII in the
clpC1 mutants. It is plausible that the elevated levels of
Tic110 and other chaperones involved in processing
and folding of imported preproteins (Cpn60, Hsp70,
and Hsp90) compensated for the lower ClpC content
in the mutants, maintaining efficient preprotein im-
port and processing into chloroplasts. Nevertheless, it
appears ClpC does not play a vital role in the chloro-
plast preprotein import/processing pathway.

Given the lack of significant inhibition in chloroplast
preprotein import, it is almost certain that the pheno-
typic changes in the mutants are due to a reduced
activity of ClpC in the stroma, which normally con-
tains most ClpC protein (Moore and Keegstra, 1993;
Zheng et al., 2002). It has been proposed that ClpC
performs more of a housekeeping role within chloro-
plasts as either an independent chaperone or within
a Clp protease (Adam and Clarke, 2002). In terms of
protein turnover, the increased level of ClpP paralogs
in the clpC1 mutants is almost certainly due to fewer
active Clp proteases in the stroma. By analogy with the
E. coli Clp protease, ClpC likely forms a hexameric ring
that binds to one or both ends of a ClpP proteolytic
core. Recently, a stromal 320- to 350-kD complex
containing the five ClpP paralogs plus the four ClpR
proteins has been identified in Arabidopsis chloro-
plasts (Peltier et al., 2004). Although no interaction
between ClpC and this ClpPR complex has yet been
shown, binding of stromal ClpP to ClpC has been
demonstrated (Desimone et al., 1997; Sokolenko et al.,
1998; Halperin et al., 2001b). The induction of all five
chloroplastic ClpP paralogs in the clpC1 mutants is
likely a compensatory response to the lower ClpC
content and the inability to form sufficient active
stromal Clp proteases. The induction of only two
ClpR paralogs (i.e. ClpR2 and ClpR4), and that to
a lesser degree than their ClpP counterparts, was
surprising given that all ClpR paralogs supposedly
complex with the five ClpP paralogs in a single
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proteolytic core complex (Peltier et al., 2004). The
significance of this disparity, however, is unclear while
the exact function of the ClpR proteins remains un-
known.

Although specifically assaying Clp proteolytic ac-
tivity in the stroma has so far proven difficult, we used
the stability of a chimeric OEC33 preprotein previ-
ously suggested as being degraded by a Clp protease
(Halperin and Adam, 1996; Halperin et al., 2001b) to
test for possible impairment in proteolytic activity in
the mutant lines. However, since the aberrant OEC33
preprotein was as readily degraded in the mutant
chloroplasts as in those from wild type infers that
ClpC is not primarily involved in this particular
proteolytic activity. Nevertheless, an impairment of
housekeeping Clp proteolytic activity remains one
likely contributor to the clpC1 mutant phenotypes.
Interestingly, the Clp protease has been implicated in
the degradation of PSII in Chlamydomonas (Majeran
et al., 2001), inferring ClpC is involved in PSII turn-
over. Indeed, the specific decrease in PSII and PSI
content in the clpC1 mutants suggests ClpC could well
participate in the biogenesis and turnover of both
photosystems in Arabidopsis chloroplasts.

As a housekeeping enzyme, stromal ClpC is also
likely to function as a chaperone independently.
Chloroplasts have their own protein synthesis ma-
chinery and thus accordingly a range of chaperones to
maintain protein quality control in terms of solubility,
folding, and assembly. Hsp100 proteins are intricately
involved in protein quality control systems in several
different organisms (Dougan et al., 2002). The most
striking outcome of the protein profiling done on the
clpC1 mutants was the increased levels of most other
stromal chaperones: Hsp90-5 (Hsp90), Hsp70-6,
Hsp70-7 (Hsp70), Cpn60a, Cpn60b, and Cpn21
(Hsp60). These chaperone families are highly con-
served in all species and perform many functions,
although most are associated with general protein
stability, folding/unfolding, and assembly. All three
also often act in association with each other and other
cochaperones. Indeed, another Hsp100 protein, ClpB,
is known to rescue aggregated proteins in cooperation
with Hsp70 (Weibezahn et al., 2004). As a consequence,
the higher level of stromal molecular chaperones in the
clpC1 mutant lines is likely in response to reduced
protein solubility, folding, and/or assembly processes
in the stroma that normally involve ClpC.

Other up-regulated proteins in the clpC1 mutants
also implicate ClpC as a housekeeping enzyme in the
chloroplast transcriptional/translational machinery.
SecA is central to the Sec-pathway for translocating
certain stromal preprotein intermediates into the thy-
lakoid membranes or lumen (Mori and Cline, 2001).
OEC33 is one such protein, although no significant
change in its translocation rate was observed in the
clpC1 mutants. SecA, however, also contains RH ac-
tivity (Park et al., 1997), which is similar to another
induced protein in the mutant lines, RH3. Numerous
so-called DEAD-box RHs exist in Arabidopsis

(Gorbalenya et al., 1989). Although the precise role of
most RHs is unknown, they are required for many
different cellular processes, including transcription,
pre-mRNA processing, ribosome biogenesis, transla-
tion initiation, and RNA turnover (Rocak and Linder,
2004). Another putative RNA-binding protein up-
regulated in the clpC1 mutants is Cp29, a protein
apparently necessary for chloroplast function in Ara-
bidopsis (Ohta et al., 1995). Another identified protein
was one with unknown function but which contained
three elongation factor Ts motifs, suggesting it is
involved in the chloroplast protein biosynthetic ma-
chinery. Again, induction of these stromal proteins
may be compensatory for the loss in ClpC activity
normally involved in some aspect of chloroplast gene
expression, RNA processing, or protein translation. If
so, likely candidates affected by lower ClpC content
would be plastid genes coding for PSI and PSII
subunits given the specific decrease of these photo-
synthetic complexes in both clpC1 mutant lines.

In conclusion, our results clearly demonstrate that
ClpC plays an important role in chloroplasts of Ara-
bidopsis. No evidence was found for ClpC being an
essential factor in either chloroplast import of nuclear-
encoded preproteins or the degradation of aberrant
polypeptides in the stroma. Up-regulation of proteins
involved in both processes (e.g. Tic110 and ClpP)
certainly supports the involvement of ClpC, but it is
almost certain ClpC also performs additional roles of
equal or greater importance. To elucidate the details of
such functions, the clpC1 mutants will undoubtedly
remain an invaluable tool for future studies.

MATERIALS AND METHODS

Plant Growth Conditions

Wild-type seeds from Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0

and clpC1 mutant seeds clpC1-1 (accession no. SALK_014058), clpC1-2

(Garlic_873_G11.b.b.1a.Lb3Fa) were sown on soil containing 20% perlite. All

seeds were vernilized at 4�C for 48 h to break dormancy. All plants were

grown under a standardized condition: 8-h photoperiod with white light

(150 mmol m22 s21), 23�C/18�C day-night temperatures, and 65% relative

air humidity.

Identification of Putative clpC1 T-DNA Insertion

Mutant Lines

Putative mutants were screened by electronic BLAST searches of available

populations of sequence-indexed Arabidopsis T-DNA-insertion mutants

using the Arabidopsis genomic clpC1 (At5g50920) and clpC2 (At3g48870)

gene sequences. A single putative clpC1 knockout was found in both the SALK

(Alonso et al., 2003) and SAIL (Sessions et al., 2002) populations. Seeds for the

clpC1-1 (SALK) and clpC1-2 (SAIL) lines were obtained and then screened

using either kanamycin or BASTA as selective marker. For clpC1-1, seeds were

sterilized by shaking for 4 min in 70% ethanol with 1% Triton X-100, rinsing

them thrice in 100% ethanol, and then air drying them on a piece of filter paper

before sowing on Murashige and Skoog media plates containing 20 mg mL21

kanamycin. For clpC1-2, seeds were grown on soil for 10 d in thin lawns and

then sprayed with BASTA as previously described (Altman et al., 1992). Seed

batches that contained heterozygotes with single T-DNA insertion, showing

a one-quarter death ratio on selection plates/pots, were identified and used

for screening homozygote clpC1 mutant lines in the next generation.
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RT-PCR

For analysis of the clpC1 mutants, total RNA was isolated from leaves of

6-week-old wild-type and mutant plants grown under standard conditions.

RNA was extracted using the Concert Plant RNA Reagent (Invitrogen,

Carlsbad, CA) and treated with RNase-free DNase I (Amersham Pharmacia,

Uppsala). RT-PCR was performed using SuperScript One-Step RT-PCR with

Platinum Taq (Invitrogen), with the following concentrations of total RNA for

each gene analyzed: clpC1, 2 mg mL21; clpC2, 20 mg mL21; and tic110, 24 mg

mL21. Primers used in the amplifications were as described previously (Zheng

et al., 2002) for the clpC genes, while for tic110 primers used were forward 5#-
CCTGCTCTACTGTGTAACTGGAG and reverse 5#-CTCTGAGCGAGAT-

CATGGACAAC. RT-PCR products size separated by agarose electrophoresis

were visualized by GelStar staining (Biowhittaker Molecular Applications,

Rockland, ME) and quantified using the ChemiGenius2 Imaging system and

associated software (Syngene, Frederick, MD).

Chlorophyll Quantification and
Photosynthetic Measurements

Chlorophyll was extracted from 11-mm diameter leaf discs of 55-d-old

wild-type Arabidopsis and clpC1 mutants according to Porra et al. (1998) in

80% buffered acetone. Absorbance at 663.6 and 646.6 nm was measured by

a UV-2401PC spectrophotometer (Shimadzu, Columbia, MD), and the Chl

content was calculated as described previously (Porra et al., 1989). The

photochemical efficiency of PSII (Fv/Fm) and the photosynthetic ETR of the

same 55-d-old leaves were measured by chlorophyll fluorescence using

a pulse-amplitude modulated fluorimeter (PAM 2000; Heinz-Walz, Effeltrich,

Germany) according to the manufacturer’s recommendation. ETR values

obtained from the PAM measurements were adjusted according to Evans

(1996) to take into account the variable chlorophyll contents between the

mutant lines and wild type.

Light and Electron Microscopy

Leaves from 55-d-old wild-type, clpC1-1, and clpC1-2 plants were fixed in

1.5% glutaraldehyde, 1.5% paraformaldehyde, 0.15 M Suc, 2 mM CaCl2 in

0.05 M cacodylate buffer, pH 7.0, at 4�C, with additional fixation done accord-

ing to Soikkeli (1980). Three leaves per sample tube were prepared for light

microscopic analyses as described in Sutinen (1987). The whole-leaf cross

section (magnification in the microscope 403), and palisade and spongy cells

(magnification in the microscope 1003) were digitally photographed. Digital

images were analyzed with Adobe Photoshop (version 6.0; Adobe Systems,

Mountain View, CA). Thin sections for transmission electron microscopy were

prepared from the same leaf samples as used for the light microscopy. Palisade

and spongy cells of one leaf per treatment were photographed with trans-

mission electron microscope (JEOL JEM EX; Tokyo) at 5,0003 magnification.

The negatives were scanned and digital images were analyzed using Adobe

Photoshop 6.0.

Production of ClpR-Specific Antibodies

Polyclonal antibodies specific to Arabidopsis ClpR1, -R2, -R3, and -R4 were

generated using synthetic peptides corresponding to unique amino acid

sequences at the C-terminal end of the proteins: ClpR1, ADSQDSSFEKR-

DYDGTLAQR; ClpR2, VRPPRIKEDAPRQDESAGLG; ClpR3, KIIADVV-

PSEEFDKNAGIKS; and ClpR4, NERGSQDRGVVSDLKKAQLI. The

peptides were conjugated to bovine serum albumin and then injected into

rabbits intramuscularly and subcutaneously (AgriSera, Hällnäs, Sweden).

Leaf Protein Extracts and Immunoblotting

Total cell proteins were extracted from approximately 200 mg of leaves

ground in liquid N2 using a precooled mortar and pestle. The frozen powder

was transferred to a precooled microfuge tube and weighed. NuPAGE lithium

dodecyl sulfate sample buffer (Invitrogen) was then added to a final concen-

tration of 0.3 mg mL21. Samples were mixed and heated to 75�C for 5 min,

cooled to 4�C, and centrifuged at 20,000g for 10 min at 4�C. Supernatants

containing solubilized proteins were kept at 4�C prior to SDS-PAGE and

immunoblot analysis.

Because of the chlorotic appearance of clpC1 mutant leaves, protein

samples were compared on the basis of equal leaf fresh weight (i.e. 1 mg),

which was also equivalent to equal protein content. Proteins were separated

using different types of gels depending on the protein size range being

analyzed: precast 3% to 8% Tris-Acetate gels (Invitrogen) for ClpC and ClpD

detection, or 12% linear Bis-Tris gels (Invitrogen) using MES buffer for ClpP1,

ClpP3-6, ClpR1-4, PsaD, PsaL, D1, Lhcb2, and MOPS buffer for Cpn60, large

subunit of Rubisco, and the CF1 b-subunit of ATPase. Separated proteins were

electrophoretically transferred to Immun-Blot polyvinylidene difluoride

Membrane (Bio-Rad Laboratories, Hercules, CA) using an XCell blotting

apparatus (Invitrogen). Arabidopsis Clp proteins were detected using specific

polyclonal antibodies as previously described (Zheng et al., 2002) or as

detailed above. Antibodies specific for other chloroplast proteins were

obtained as gifts: Lhcb2, PsaL, and b-ATPase (S. Jansson, Umeå University,

Sweden), D1 and Rubisco large subunit (G. Öquist, Umeå University, Sweden)

and PsaD (H. Scheller, University of Copenhagen), except for Cpn60 that was

bought commercially (StressGen Biotechnologies, Victoria, Canada). Primary

antibodies were detected using horseradish peroxidase-linked, antirabbit

secondary antibody from donkey (Amersham Pharmacia) and visualized by

enhanced chemiluminescence using the SuperSignal West Dura Extended

Duration Substrate (Pierce Chemical, Rockford, IL). Chemiluminescent sig-

nals were detected and quantified using the ChemiGenius2 Imaging system

(Syngene) and associated software.

In Vitro Import Assays

Template plasmid DNA was amplified using Z-competent Escherichia coli

cells DH5a (Zymo Research, Orange, CA) and SNAP MidiPrep kit (Invitro-

gen). Radiolabeled protein was translated using the TNT coupled wheat germ

extract system (Promega, Madison, WI) using T7 polymerase for SSU (Wong

et al., 1992) and SP6 polymerase for PSII OEC33 (Halperin and Adam, 1996).

Import reactions were performed on chloroplasts isolated from 21-d-old

plants in HMS buffer according to Aronsson and Javis (2002). An equal

number of intact chloroplasts, as determined by phase-contrast microscopy,

were used for each import reaction to enable both import rates and quantities

to be calculated (Aronsson and Jarvis, 2002). Samples were resolved on 12%

BisTris precast NuPAGE gels (Invitrogen), blotted to nitrocellulose membrane

(Transblot; Bio-Rad Laboratories), and exposed to x-ray film (Hyperfilm;

Amersham Pharmacia). X-ray films were developed using Kodak GBX

developer and fixer (Eastman Kodak, Rochester, NY), then imaged and

quantified using the ChemiGenius2 imaging system and associated software

(Syngene).

Protein Degradation Assay

Radiolabeled chimeric OEC33 was translated using the TNT coupled

wheat germ extract system (Promega) and imported into isolated chloroplasts

for 20 min as described by Aronsson and Jarvis (2002). Following import,

chloroplasts were treated with thermolysin (100 mg mL21 final concentration)

on ice for 20 min. The mixture was carefully pelleted by centrifugation at

1,000g for 2 min and resuspended in HMS buffer (Aronsson and Jarvis, 2002)

containing 20 mM gluconic acid, 10 mM NaHCO3, 0.2% (w/v) bovine serum

albumin, 10 mM Met, and 5 mM ATP. The suspension was incubated under

100 mmol m22 s21 white light at 25�C. Aliquots were taken at 0, 15, 30, 60, and

120 min, then pelleted and frozen in liquid nitrogen to stop all protein

degradation. Pelleted samples were dissolved in NuPAGE sample buffer

(Invitrogen), heated for 5 min at 75�C, and then separated by SDS-PAGE.

Radiolabeled proteins were detected and analyzed as for the import assays

described above.

Profiling of Stromal and Thylakoid Membrane Proteins

Stromal and thylakoid membrane proteins were isolated from fully

expanded leaves of wild type and clpC1 mutants just prior to influorescence

as previously described by Zheng et al. (2002). Protein concentration of the

stromal fraction was determined using the bicinchoninic acid protein assay kit

according to manufacturers protocol (Pierce Chemical), while the Chl con-

centration of the thylakoid membrane fraction was done as described above.

Samples (75 mg protein for stroma, 15 mg Chl for thylakoid membrane) were

separated on 20-cm long, gradient SDS-PAGE gels, with an acrylamide

gradient of either 5% to 12% or 12% to 28%, depending on the optimal size

range. After electrophoresis, proteins were stained with Coomassie Blue
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(Simply Blue Safestain; Invitrogen) according to manufacturer’s recommen-

dation. Proteins up-regulated in the clpC1 mutant lines were excised from each

gel and sent for identification by MALDI-TOF MS (Swegene Proteomics

Center, Göteborg University, Sweden).
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