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Abstract

The spinach CSP41 protein has been shown to bind and cleave chloroplast RNA in vitro. Arabidopsis thaliana, like
other photosynthetic eukaryotes, encodes two copies of this protein. Several functions have been described for

CSP41 proteins in Arabidopsis, including roles in chloroplast rRNA metabolism and transcription. CSP41a and

CSP41b interact physically, but it is not clear whether they have distinct functions. It is shown here that CSP41b, but

not CSP41a, is an essential and major component of a specific subset of RNA-binding complexes that form in the

dark and disassemble in the light. RNA immunoprecipitation and hybridization to gene chips (RIP-chip) experiments

indicated that CSP41 complexes can contain chloroplast mRNAs coding for photosynthetic proteins and rRNAs (16S

and 23S), but no tRNAs or mRNAs for ribosomal proteins. Leaves of plants lacking CSP41b showed decreased

steady-state levels of CSP41 target RNAs, as well as decreased plastid transcription and translation rates.
Representative target RNAs were less stable when incubated with broken chloroplasts devoid of CSP41 complexes,

indicating that CSP41 proteins can stabilize target RNAs. Therefore, it is proposed that (i) CSP41 complexes may

serve to stabilize non-translated target mRNAs and precursor rRNAs during the night when the translational

machinery is less active in a manner responsive to the redox state of the chloroplast, and (ii) that the defects in

translation and transcription in CSP41 protein-less mutants are secondary effects of the decreased transcript

stability.

Key words: Arabidopsis, chloroplast, gene expression, RNA, RNA-binding protein, transcription, translation.

Introduction

Chloroplasts are descended from an ancient cyanobacterial

endosymbiont and have retained a remnant of the pro-

karyotic chromosome, which now forms the plastome.

Chloroplast genes are still essential for many functions,
particularly for plastid gene expression and photosynthesis

(Wolfe et al., 1991), but the majority of cyanobacterial genes

have been transferred to the host nucleus during evolution.

Hence, developmental and metabolic processes in chloro-

plasts require tight coordination of nuclear and plastid gene
expression. Nucleus-encoded chloroplast proteins that act on

Abbreviations: BN-PAGE, blue native PAGE; Chl, chlorophyll; CSP41, chloroplast stem–loop-binding protein of 41 kDa; HMW, high molecular weight; NEP, nuclear-
encoded RNA polymerase; PEP, plastid-encoded RNA polymerase; RIP-Chip, RNA immunoprecipitation and hybridization to gene chips.
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one or more chloroplast genes or transcripts, or are involved

in protein synthesis (Barkan and Goldschmidt-Clermont,

2000), are crucial for chloroplast gene expression. At the

RNA level, these regulatory proteins can bind and/or cleave

RNA and mediate RNA maturation, editing, or stability

(Zerges, 2000; Choquet and Wollman, 2002; Manuell et al.,

2004; Marin-Navarro et al., 2007).

All members of the green lineage of photosynthetic
eukaryotes have nuclear genes that code for the related

proteins CSP41a and CSP41b (chloroplast stem–loop-binding

protein of 41 kDa), which are of cyanobacterial origin (Baker

et al., 1998; Bollenbach and Stern, 2003b; Yamaguchi et al.,

2003). CSP41a was initially isolated as part of a protein

complex that binds in vitro to the 3#-terminal stem–loop

structure of the petD mRNA (Yang et al., 1995, 1996).

Subsequently, CSP41a was shown to exhibit RNase activity,
with a preference for 3’ stem–loops (Yang and Stern, 1997;

Bollenbach and Stern, 2003a, b). CSP41 proteins were also

tentatively identified as components of the plastid-encoded

RNA polymerase (PEP) in mustard (Pfannschmidt et al.,

2000), and an association with the 70S ribosome was

suggested in Chlamydomonas reinhardtii (Yamaguchi et al.,

2003). Further characterization of the PEP complex failed to

identify CSP41a and CSP41b as constituents (Suzuki et al.,
2004; Pfalz et al., 2006).

CSP41a and CSP41b are present in three distinct stromal

complexes: one that is larger than 0.8 MDa, a 224 kDa

complex containing the ribosomal proteins L5 and L31 as

potential interaction partners, and a 126 kDa complex that

is likely to represent a heterotrimer of CSP41 proteins

(Peltier et al., 2006). Further analysis of stromal high

molecular weight (HMW) complexes found CSP41b mostly
in 0.8–2 MDa fractions together with 30S ribosomal

particles, other RNA-binding proteins, and the LTA2

subunit of the pyruvate dehydrogenase (Olinares et al.,

2010).

Arabidopsis thaliana mutants lacking both CSP41 pro-

teins were found to be inviable, leading to the proposal that

the two CSP41 proteins have redundant functions (Beligni

and Mayfield, 2008). However, it was also noted that
CSP41a accumulation depended markedly on the presence

of CSP41b (Beligni and Mayfield, 2008; Bollenbach et al.,

2009). Furthermore, the finding that the two CSP41

proteins physically interact (Bollenbach et al., 2009), as

previously suggested by colourless native PAGE analysis

(Peltier et al., 2006), implies that the two proteins might act

concertedly rather than redundantly.

Multiple functions have been assigned to CSP41 proteins
previously. Hassidim et al. (2007) showed that the csp41b

mutation affected chloroplast morphology, photosynthetic

performance, and circadian rhythms. Moreover, the associ-

ation of CSP41b with pre-ribosomal particles, and changes

in levels of the 23S rRNA precursor seen in csp41 mutants,

suggested an involvement of CSP41 proteins in ribosomal

biogenesis (Beligni and Mayfield, 2008). Decreases in the

transcriptional activity of some chloroplast genes, as well as
differential promoter usage, in the csp41b mutant, however,

indicated that CSP41b might constitute a component of the

plastid transcriptional machinery (Bollenbach et al., 2009).

Despite the multiple evidence for an involvement of CSP41

proteins in chloroplast gene expression, CSP41b was also

reported to interact in the cytosol with heteroglycans

(Fettke et al., 2011).

In the present work, the subcellular localization, func-

tion(s), and interactions of the two CSP41 proteins were

dissected in detail. It was found that CSP41 proteins reside
in the chloroplast and are post-translationally modified, and

CSP41b can compensate for the loss of CSP41a, but not

vice versa. Both proteins interact in the dark to form

a specific subset of riboprotein complexes, which contain

chloroplast mRNAs and rRNAs. It is suggested that CSP41

complexes determine the stability of a distinct set of

chloroplast transcripts including rRNAs, such that the

absence of CSP41b affects both target transcript stability
and chloroplast translational activity.

Materials and methods

Plant material, propagation, growth, and chlorophyll

a fluorescence measurements

Several mutant lines for CSP41a (At3g63140) and CSP41b
(At1g09340) have already been described. Hassidim et al. (2007)
reported two mutant alleles of CSP41b, which they designated crb-
1 and crb-2. The latter was named csp41b-1 (Beligni and Mayfield,
2008) or csp41b-2 (Bollenbach et al., 2009) by others, and was also
used in the present work, under the name csp41b-2. In this study,
also a novel insertion line, csp41b-3, which was identified in the
GABI-KAT collection, was used. Both csp41b-2 and csp41b-3 are
in the Col-0 genetic background. For CSP41a, the mutant alleles
csp41a-1 and csp41a-2 have been reported previously; only the
latter completely abrogates expression of the CSP41a protein
(Beligni and Mayfield, 2008). To obtain additional insertion lines
for CSP41a, the T-DNA insertion collection of C. Koncz (Max-
Planck-Institute for Plant Breeding Research, Cologne, Germany;
Rios et al., 2002) was screened and the csp41a-3 and csp41a-4
mutant alleles (genetic background Col-0) were identified.

Mutant and wild-type [WT; A. thaliana ecotype Columbia (Col-
0)] plants were grown on potting soil (A210, Stender AG,
Schermbeck, Germany) under controlled greenhouse conditions
[daylight supplemented with HQI Powerstar 400W/D lamps
(Osram, Munich, Germany) with ;180 lmol photons m�2 s�1 on
the leaf surface from 6:00 to 9:00 and 15:00 to 20:00 h, ;14 h
light/10 h dark photoperiod] except when otherwise stated. Wuxal
Super (Manna, Germany) was used as the fertilizer, according to
the manufacturer’s instructions. All analyses were performed on
4-week-old mutant and WT plants. Methods used for the
measurement of growth have been described previously (Leister
et al., 1999).
In vivo chlorophyll a (Chl a) fluorescence of whole plants was

recorded using an imaging chlorophyll fluorometer (Walz Imaging
PAM, Walz GmbH, Effeltrich, Germany) by exposing plants to
actinic light (50 lmol photons m�2 s�1) and after 10 min a saturat-
ing light flash (0.8 s, 4000 lmol photons m�2 s�1) to obtain the
fluorescence-based effective quantum yield of photosystem II (PSII)
in the light (UII) (Genty et al., 1989).

Overexpression of CSP41a, CSP41a:eGFP, CSP41b:CFP, and

CSP41b:eGFP in planta

For complementation analyses, the CSP41a cDNA was ligated
into the plant expression vector pLeela under the control of the
35S promoter from Cauliflower mosaic virus (CaMV). Flowers of
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csp41b-2 mutant plants were transformed according to Clough and
Bent (1998) with the CSP41a overexpression construct and
AtCSP41b:CFP-pBA002, which carries the complete CSP41b
coding region upstream of a sequence encoding cyan fluorescent
protein (CFP) (Raab et al., 2006). In addition, Col-0 was trans-
formed with CSP41a and CSP41b cDNAs ligated into the plant
expression vector pB7FWG2 (Karimi et al., 2002), which leads to
the expression of a C-terminal enhanced green fluorescent protein
(eGFP) fusion protein from the 35S promoter. The plants were
then transferred to the greenhouse, and seeds were collected
3 weeks later. Twenty-five independent transgenic plants were
selected on the basis of their resistance to Basta. The presence and
expression of the transgene was confirmed by PCR, and northern
and western analyses.

Nucleic acid analysis

Arabidopsis thaliana DNA was isolated (Ihnatowicz et al., 2004)
and T-DNA insertion–junction sites were recovered by PCR using
combinations of insertion- and gene-specific primers, and then
sequenced. For RNA analysis, total leaf RNA was extracted from
fresh tissue using the TRIzol reagent (Invitrogen, Germany).
Northern analyses were performed under stringent conditions,
according to Sambrook and Russell (2001). Probes complementary
to nuclear and chloroplast genes were used for the hybridizations.
Primers used to amplify the probes are listed in Supplementary
Table S1 available at JXB online. All the probes used were cDNA
fragments labelled with 32P. Signals were quantified by using
a phosphoimager (Typhoon; GE Healthcare, Munich, Germany)
and the respective quantification program ImageQuant.

For quantitative real-time profiling, 7 lg aliquots of total RNA
treated with DNase I (Roche Applied Science, Castle Hill, Australia)
for at least 1 h were utilized for first-strand cDNA synthesis using
Omniscript reverse transcriptase (Qiagen, Doncaster, Australia) and
random priming (Sigma, St Louis, MO, USA) according to the
supplier’s instructions. The quantitative real-time PCR (qRT-PCR)
profiling was carried out on a LightCycler 480 real-time PCR system
(Roche Applied Science) using methods and primers as described (de
Longevialle et al., 2008). Data were analysed using the Genesis
software (http://genome.tugraz.at; Sturn et al., 2002).

In vivo translation assay

Radioactive labelling of thylakoid proteins was performed accord-
ing to Armbruster et al. (2010). In brief, discs of Arabidopsis leaves
were vacuum-infiltrated in a syringe containing 20 lg ml�1 cyclo-
heximide in 10 ml of 10 mM TRIS, 5 mM MgCl2, 20 mM KCl (pH
6.8), and 0.1% (v/v) Tween-20, and incubated for 30 min to block
cytosolic translation. Then leaves were again infiltrated with the
same solution containing 1 mCi of [35S]methionine, transferred into
the light (50 lmol m�2 s�1), and collected after 20 min. Sub-
sequently, thylakoid proteins were prepared and fractionated as
described by Armbruster et al. (2010). Signals were detected and
quantified using the phosphoimager as described above.

Chloroplast and stroma isolation

Arabidopsis thaliana chloroplasts were isolated according to Kunst
(1998) from plants adapted to darkness for 18 h except where
otherwise stated. Homogenized leaf tissue was applied to a two-
step Percoll gradient and intact chloroplasts were collected from
the interphase. Chloroplasts were then lysed in an equal volume of
30 mM HEPES (pH 8.0), 200 mM KOAc, 10 mM MgOAc, and
2 mM dithiothreitol (DTT), and fragmented by passing them
20 times through a 24-gauge syringe. Stromal proteins were separated
from the membrane fractions by centrifugation at 16 000 g for
30 min. Stromal protein concentration was determined with the
Bradford Protein Assay (Biorad, Munich, Germany).

Two-dimensional PAGE analyses

For two-dimensional (2D) blue native (BN)/SDS–PAGE analysis,
samples of stromal proteins equivalent to 30 lg or 160 lg of Chl
and treated or untreated with RNase were first fractionated by
BN-PAGE (Schägger and von Jagow, 1991) and then by SDS–
PAGE (Schägger and von Jagow, 1987). Gradient gels were used
in both cases (5–14% acrylamide for the first dimension, 10–16%
acrylamide for the second).

For 2D isoelectric focusing (IEF)/SDS–PAGE analysis, stromal
proteins were precipitated with acetone and resuspended in 7 M urea,
2 M thiourea, 2% (w/v) CHAPS, 0.5% (v/v) Pharmalyte (GE
Healthcare), 0.002% (w/v) bromophenol blue, 18.2 mM DTT, and
applied to Immobiline� Drystrips (gradient pH 3–10 NL, GE
Healthcare). After the separation of proteins according to their
isoelectric point, the strip was first equilibrated in 6 M urea, 75 mM
TRIS-HCl (pH 8.8), 29.3% (v/v) glycerol, 2% (w/v) SDS, 0.002% (w/v)
bromophenol blue, 65 mM DTT for 15 min and then in the same
buffer supplemented with 135 mM iodoacetamide for another 15 min
period. After equilibration, proteins were separated by 10–16%
acrylamide gradient SDS–PAGE.

Western analyses

Total leaf proteins were extracted as reported (Martinez-Garcia
et al., 1999). For chloroplast fractionation, isolated chloroplasts were
re-suspended in TE buffer (10 mM TRIS-HCl, pH 8.0; 1 mM
EDTA) at a Chl concentration of 2 mg ml�1 and loaded onto
a three-step sucrose gradient consisting of, from the bottom to the
top, 1.2, 1, and 0.46 M sucrose in TE. After centrifugation at
30 000 g, 4 �C, the upper phase containing the stroma, the two
interphases containing envelopes, and the pellet consisting of thyla-
koids were collected. Proteins were fractionated on one-dimensional
(1D) SDS–PAGE gradient gels (10–16% acrylamide) as described by
Schägger and von Jagow (1987). Proteins from 1D and 2D PAGE
experiments were transferred to Immobilon-P membranes (Milli-
pore). Replicate filters were incubated with antibodies specific for
CSP41a, CSP41b, PsaD, PsbD, PetD, AtpD, Lhcb1, NdhL,
phosphothreonine, TIC110, RbcL, or actin. Signals were detected
using the Enhanced Chemiluminescence Western Blotting kit (GE
Healthcare) and quantified using Imagequant (GE Healthcare).

Cross-linking of stromal proteins with EDC

Stromal extracts (1 mg protein ml�1) of Col-0, csp41b-2, and
csp41b-2 plants expressing 35S::CSP41b:CFP were cross-linked
with 4 mM 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hy-
drochloride (EDC) and 1 mM N-hydroxysulphosuccinimide for
1 h on ice. The reaction was terminated by the addition of 25 mM
TRIS.

Co-immunoprecipitation

For co-immunoprecipitation (Co-IP) experiments, 10 ll of anti-
GFP antibody (Sigma) was incubated with 100 ll of stromal
extract (500 lg of stromal protein) from 4-week-old Arabidopsis
plants. The antibody was collected by incubation with Sepharose-
coupled protein A (Sigma). For analysis of interaction partners,
proteins were eluted by the addition of SDS sample buffer. The
sample buffer was then applied to a 15% SDS–polyacrylamide gel
and electrophoresis was carried out until all proteins had migrated
into the separating gel (as monitored using pre-stained marker
proteins). The protein-containing gel slice was excised, washed
twice in ddH2O for 10 min, and further processed for mass spec-
trometry (MS).

Mass spectrometric analysis and database searches

Liquid chromatography (LC)-MS analyses were performed on an
LTQ-Orbitrap XL system (Thermo Fisher Scientific Waltham, MA,
USA). Trypsin-digested peptides were loaded on a fritless 100 lm
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capillary, packed in-house with ProntoSIL C18 ace-EPS (Bischoff
Analysentechnik und -geräte GmbH, Leonberg, Germany) by using
a quaternary HPLC pump (Flux, Basel, Switzerland) including
a CTC autosampler. A gradient of 5–80% (v/v) acetonitrile in 0.1%
(v/v) formic acid was then passed through the column over a period
of 80 min. The eluted peptides were introduced directly into the
LTQ orbitrap XL MS at a flow rate of 250 nl min�1 and a spray
voltage of 1.3 kV. The LTQ-Orbitrap was operated via Instrument
Method files of Xcalibur (Thermo Fisher Scientific) to acquire a full
high-resolution MS scan between 400 m/z and 2000 m/z. The
SEQUEST algorithm (Thermo Fisher Scientific) was used to
interpret MS spectra. Results were interpreted on the basis of a
conservative set of criteria: only results with DCn (delta normalized
correlation) scores >0.2 were accepted, all fragments had to be at
least partially tryptic, and the cross-correlation scores (Xcorr) of
double-charged or triple-charged ions had to be >2.5 or >3.5,
respectively (see Supplementary Table S2 at JXB online). Spectra
were manually evaluated to match the following criteria: distinct
peaks with signals clearly above noise levels, differences in fragment
ion masses in the mass range of amino acids, and fulfilment of
consecutive b and y ion series.

RIP-chip analyses

The RIP-chip (RNA immunoprecipitation and hybridization
to gene chips) procedures have been described previously (Schmitz-
Linneweber et al., 2005). RNA was isolated from pellet and
supernatant fractions of the Co-IP by phenol–chloroform extrac-
tion, and labelled with Cy3 and Cy5 using the Micromax ASAP
RNA labeling kit (Perkin-Elmer Life Sciences, Waltham, MA,
USA). Labelled RNA was purified using Qiaquick spin columns
(Qiagen, Hilden, Germany) and hybridized to microarrays covering
the entire chloroplast chromosome in overlapping DNA fragments
(see Supplementary Tables S3 and S4 at JXB online). Slides were
scanned with a Scanarray Gx microarray scanner (Perkin-Elmer
Life Sciences). Genepix Pro 6.0 software (Molecular Devices,
Sunnyvale, CA, USA) was used to identify spots in scanner output
files, to calculate local background, and to filter out elements with
low signal-to-noise ratios. Background-subtracted data were used to
calculate the median of ratios [pellet RNA (F635)/supernatant RNA
(F532)]; that is, the enrichment ratio. Normalization was done
according to the median log2(F635/F532) value for all above-
background spots on each array. Slot-blot analysis of RNA from
pellet and supernatant fractions was performed as described pre-
viously (Schmitz-Linneweber et al., 2005).

Pigment analysis

Pigments were analysed by reverse-phase HPLC as described
previously by Färber et al. (1997). For pigment extraction, leaf
discs were frozen in liquid nitrogen and disrupted with beads in
microcentrifuge tubes in the presence of acetone. After a short
centrifugation, pigment extracts were filtered through a membrane
filter (pore size 0.2 lm) and either used directly for HPLC analysis
or stored for up to 2 d at –20 �C.

Run-on transcription analysis

Run-on transcription reactions were performed essentially as
described by Zoschke et al. (2007). A total of 1.93107 chloroplasts
were used in run-on transcription experiments, which were
performed at 25 �C for 10 min in 50 mM TRIS-HCl (pH 8.0),
10 mM MgCl2, 10 mM b-mercaptoethanol, 20 U of RNase in-
hibitor, and 0.2 mM each of ATP, GTP, and CTP, in the presence
of [a-32P]UTP (10 lCi ll�1). RNA was extracted and hybridized
overnight at 58 �C to DNA fragments (1 lg and 0.5 lg) dot-
blotted onto nylon membranes. Signals were detected and quanti-
fied using the phosphoimager as described above.

RNA stability assay

For radioactive labelling of rrn23, psbCD, and psbC RNA species,
genes were amplified with specific primers and inserted into
pGEM-T easy (Promega) downstream of the T7 promoter. In vitro
transcription was performed in the presence of 12.5 lCi of
[a-32P]CTP in a final volume of 20 ll. After 60 min incubation at
25 �C, the RNAs were precipitated and 1/10th was applied in each
assay. Labelled RNA was incubated in the presence of 13107

broken chloroplasts in 50 mM TRIS-HCl (pH 8.0), 10 mM
MgCl2, 10 mM b-mercaptoethanol for 5 min at 25 �C. The RNAs
were recovered by phenol extraction and separated by denaturing
1.5% (w/v) agarose gel electrophoresis.

Statistical analysis

Data were statistically analysed with Student’s t-test using in-
dependent one-sample t-tests for mutant/WT ratios and indepen-
dent two-sample t-tests elsewhere.

Results

CSP41b is required for normal plant development and
for maintenance of CSP41a levels

To characterize the functions and interrelationships of

CSP41a and CSP41b, T-DNA insertion lines for the genes

encoding the two proteins were characterized. For the

CSP41a locus, the mutant alleles csp41a-1 and csp41a-2

have already been described; only the latter prevents

expression of the CSP41a protein (Beligni and Mayfield,

2008). In the present study, the two novel mutant alleles
csp41a-3 and csp41a-4 that carry T-DNA insertions in the

5’-untranslated region and second exon, respectively

(Fig. 1A), were used. For CSP41b, two independent mutant

alleles were used. The line SALK_021748 was obtained

from the SIGnAL collection (Alonso et al., 2003), is

identical to crb-1 (Hassidim et al., 2007), csp41b-1 (Beligni

and Mayfield, 2008), and csp41b-2 (Bollenbach et al., 2009),

and is referred to as csp41b-2 here. In addition, a further
mutant allele, csp41b-3, with a T-DNA insertion in the

eighth intron of CSP41b, was obtained from the GABI-

KAT collection (Li et al., 2003) (Fig. 1A) and used.

The csp41a-4 mutant lacked the full-length CSP41a protein,

whereas the csp41a-3 mutant accumulated ;5% of WT

CSP41a levels (Fig. 1B); therefore, csp41a-4 was used in all

subsequent experiments. The csp41a-4 mutant still expressed

the CSP41b protein in WT-like amounts and grew like the
WT in the greenhouse (Fig. 1C–F), as described previously for

the csp41a-2 mutant allele (Beligni and Mayfield, 2008). The

existing literature shows variation in the phenotypes reported

for the csp41b-2 mutant, possibly due to the different growth

conditions employed. Hassidim et al. (2007) observed a pro-

nounced phenotype when plants were grown on Murashige

and Skoog medium supplemented with 1% sucrose in a 16 h

light/8 h dark photoperiod of 125 lmol photons m�2 s�1.
Beligni and Mayfield (2008) did not detect any visually

discernible phenotype when plants were grown on 0.5%

sucrose-supplemented media at a light intensity of 40 lmol

photons m�2 s�1 and a 12 h light/12 h dark photoperiod.

Bollenbach et al. (2009) described a developmental phenotype
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Fig. 1. CSP41 insertion and overexpression lines: effects on CSP41 levels and plant growth. (A) The translated exons are numbered and

shown as white boxes, with introns as black lines. Sites and orientations of T-DNA insertions are indicated. The csp41b-2 allele

corresponds to the line SALK_021748 from the SALK T-DNA collection; csp41b-3 originates from the GABI-KAT collection and

corresponds to GABI_452H11. The csp41a-3 and -4 alleles were identified in the T-DNA collection of C. Koncz (Max-Planck-Institute for

Plant Breeding Research, Cologne, Germany) by PCR screening of lines originally designated as 91.154 and 61.888, respectively.

(B) Western analysis of CSP41a in total protein extracts (40 lg) from young (7th–8th true) leaves of WT (Col-0), csp41a-3, csp41a-4,

csp41b-2, and mature (3rd–4th true) leaves of csp41b-2. Decreasing amounts of WT extract were added to lanes marked 0.83 to 0.053

WT. The RbcL band visible after staining with Coomassie brilliant blue (C.B.B.) is shown as loading control. (C) Western analysis was

performed on total protein extracts (40 lg) obtained from WT (Col-0) and csp41 mutant plants with CSP41a- and CSP41b-specific

antibodies, and an antibody against Lhcb1 was used as a loading control. Note that csp41b-2 and csp41b-3 behaved identically (data

not shown). (D) Phenotype of WT (Col-0) and csp41 mutant plants grown in the greenhouse. Here too, csp41b-2 and csp41b-3 behaved

identically. (E) Growth kinetics of WT (Col-0) and csp41 mutant plants (n >10). Leaf area was measured during the period from 4 d to

28 d after germination (d.a.g.). Bars indicate standard deviations. Leaf area was always significantly (P < 0.01) lower for plants lacking

CSP41b. (F) Development of WT (Col-0) and csp41 mutant plants (n >10). The number of true leaves was determined during the period

from 4 to 28 d.a.g. Bars indicate standard deviations. Significant differences between WT/csp41a-4 and plants lacking CSP41b are

indicated by two asterisks (P < 0.01). (G) Overexpression of CSP41a mRNA. Northern analysis of CSP41a mRNA from WT (Col-0), csp41a-

4, csp41b-2, and 35S::CSP41a csp41b-2 (35S::CSP41a) plants. A CSP41a-specific probe and an ACTIN1-specific probe (as a control)

were used. (H) Effects of CSP41a mRNA overexpression on accumulation of the CSP41a protein. Western analysis of WT (Col-0), csp41b-

2, and 35S::CSP41a plants. Antibodies specific for CSP41a, CSP41b, and actin (as control) were used. (I) Phenotypes of WT (Col-0),

csp41b-2, and 35S::CSP41a plants grown as in D.

Functions of CSP41 proteins in plastid gene expression | 1255



with paling mature leaves (>15 d) when plants were grown in

climate chambers at a light intensity of 100 lmol photons m�2

s�1 and a photoperiod of 16 h light/8 h dark. In the present

experiments, greenhouse-grown csp41b-2 mutants (light in-

tensity: ;180 lmol photons m�2 s�1, 14 h light/10 h dark

photoperiod) had in all developmental stages far smaller and

paler leaves than the WT (Fig. 1D, E), and leaf formation was

delayed from the second week after germination onwards
(Fig. 1F). In the climate chamber at a light intensity of

80 lmol photons m�2 s�1 and a 12 h light/12 h dark

photoperiod, csp41b-2 plants were only slightly paler, but not

notably smaller than the WT (Supplementary Fig. S1A at

JXB online). Increasing growth light intensities led to

a stronger visually discernible phenotype of csp41b-2 mutant

plants (Supplementary Fig. S1B at JXB online). When grown

at 500 lmol photons m�2 s�1, but not at 80 lmol photons
m�2 s�1, these mutants exhibited a significant reduction (P <

0.01) in total Chl content (Chl a+b), measured as nmol g�1

fresh weight (WT500, 29936452; csp41b-2500, 16296213;

WT80, 25716157; csp41b-280, 2509684). Moreover, the size

of the violaxanthin+antheraxanthin+zeaxanthin (VAZ) pool

—an indicator for oxidative stress—was significantly increased

(P < 0.01) in csp41b-2 plants grown at 500 lmol m�2 s�1

compared with the WT (WT500, 61.269.8; csp41b-2500,
139.4615.2; WT80, 31.061.2; csp41b-280, 39.062). These data

indicate that the intensity of incident light is critical for the

effects of the csp41b mutation on plant performance. The

previously reported developmental phenotype (Bollenbach

et al., 2009) of csp41b plants was corroborated by analysing

the photosynthetic performance, determined as UII, of whole

WT and mutant plants. Thus, a decrease in UII was found

with increasing leaf age of csp41b-2 mutants grown in the
greenhouse or at 80 lmol m�2 s�1 in the climate chamber

(Supplementary Fig. S1B at JXB online).

To obtain plants which entirely lacked both CSP41

proteins, the csp41a-4 csp41b-2 (csp41ab) double mutant

was generated by crossing. Strikingly, csp41ab plants were

viable and displayed a csp41b-like phenotype (Fig. 1D–F).

This finding is at variance with the observation of Beligni

and Mayfield (2008), who reported embryo lethality for
the double mutant, but is compatible with the observation

that already the csp41b mutant itself, which is viable, is

severely depleted of CSP41a (Beligni and Mayfield, 2008;

Bollenbach et al., 2009; Fig. 1B, C).

The marked drop in CSP41a protein levels in the absence

of CSP41b could be caused either by a decrease in CSP41a

mRNA accumulation owing to plastid-to-nucleus (retro-

grade) signalling or by a post-translational effect, for
instance if the two proteins physically interact and CSP41b

stabilizes CSP41a. In csp41b-2 plants, CSP41a RNA levels

were increased relative to the WT (Fig. 1G), arguing against

regulation of CSP41a abundance at the transcriptional

level. Overexpression of CSP41a under the control of the

CaMV 35S promoter in the csp41b-2 mutant background

(35S::CSP41a plants) was found to boost the steady-state

level of the CSP41a transcript several-fold (Fig. 1G).
However, although CSP41a protein levels increased in

35S::CSP41a plants relative to those in csp41b-2 plants,

they remained below WT concentrations (Fig. 1H). More-

over, the increase in levels of CSP41a in 35S::CSP41a

plants did not attenuate the csp41b-2 mutant phenotype

(Fig. 1I).

In consequence, CSP41b seems to be critical for the

stability of CSP41a (see Beligni and Mayfield, 2008;

Bollenbach et al., 2009), but not vice versa. Clearly,

therefore, CSP41b, but not CSP41a, is required for normal
plant growth and leaf coloration, and simultaneous absence

of both proteins results in a csp41b-like phenotype—but not

in lethality as reported earlier (Beligni and Mayfield, 2008).

Lack of CSP41b is associated with a fall in levels of
thylakoid proteins and decreased plastid translational
activity

To obtain an overview of the alterations in thylakoid com-

position associated with loss of CSP41 proteins, total

proteins from whole plants were fractionated by SDS–PAGE

and analysed with antibodies raised against representative
subunits of the major thylakoid multiprotein complexes (Fig.

2A). As expected from their essentially WT appearance (see

Fig. 1D), no aberrations were detected in csp41a-4 mutant

plants (Fig. 2A). In plants lacking CSP41b, levels of all

thylakoid multiprotein complexes were markedly lower

(Table 1). The greatest reduction (;30%) was observed for

PsaD of PSI, PsbD of PSII, and AtpD of the ATP synthase.

NdhL of the NAD(P)H dehydrogenase (NDH) complex,
Lhcb1 of light-harvesting complex II (LHCII), and PetD of

the cytochrome (Cyt) b6/f complex showed reductions of

;20%. Again, the csp41ab double mutant and csp41b-2

plants behaved similarly. A decrease in amounts of the

chloroplast ATPase (cpATPase) and Cyt b6/f complexes has

been noted previously in csp41b mutants grown in climate

chambers (100 lmol photons m�2 s�1, 16/8 h light/dark

cycles; Bollenbach et al., 2009). These observations indicate
that, under the greenhouse conditions used here, absence of

CSP41b, but not of CSP41a, also affects the accumulation of

subunits of PSI, PSII, and NDH.

To clarify whether the decrease in thylakoid protein levels

is due to changes in the rate of translation in the plastid,

leaves from plants (as in Fig. 1D) were treated with an

inhibitor of cytosolic translation and fed with radioactively

labelled methionine. Because the phenotype of plants lacking
CSP41b is development dependent (Bollenbach et al., 2009;

this study (Supplementary Fig. S1B at JXB online)], mature

(3rd–4th true) and young (7th–8th true) leaves of 4-week-old

plants were analysed. After pulse labelling, thylakoid pro-

teins were prepared and fractionated by SDS–PAGE (Fig.

2B). In csp41b-2 and csp41ab plants, the plastid translation

rate was markedly decreased in mature but not in younger

leaves, as shown by the reduction in the amounts of D1,
CP47, PsaA/B, and CF1-a/b synthesized de novo (total label

incorporated relative to the WT (¼1.0), csp41a-4, 1.160.2;

csp41b-2, 0.760.1; csp41ab, 0.760.1; results for both csp41b-

2 and csp41ab were significantly different from the WT with

P < 0.05).
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Taken together, these results indicate that in mature

leaves, lack of CSP41b (in csp41b-2 and csp41ab) leads to

a decrease in the chloroplast translation rate, resulting in

reduced levels of thylakoid proteins (see also Bollenbach

et al., 2009) and a drop in photosynthetic activity (Supple-

mentary Fig. S1B at JXB online).

CSP41 proteins form several stromal multiprotein
complexes

Recently, a cytosolic location of CSP41 was reported by

Fettke et al. (2011), a finding which is at variance with the

study of Raab et al. (2006), in which CSP41b was un-

ambiguously identified in chloroplasts, and also in contradic-

tion to the general consensus that CSP41 proteins are
involved in chloroplast gene expression (Yang et al., 1995;

Bollenbach et al., 2003, 2009; Beligni and Mayfield, 2008;

this study). In order to test whether a substantial proportion

of CSP41b is indeed present outside of the chloroplast, the

amount of CSP41 proteins detected by immunoblot analysis

in protein preparations from entire leaves and isolated

chloroplasts, which were normalized according to their Chl

content, was compared. Like the large subunit of RubisCO
(RbcL), both CSP41a and CSP41b showed equal signal

strengths in the two samples (Fig. 3A), indicating that the

vast majority of CSP41 proteins should be located in

chloroplasts. In proteomic analyses of chloroplast subfrac-

tions, both CSP41 proteins were detected in the stroma, as

well as in thylakoid and envelope subfractions (PPDB

database: http://ppdb.tc.cornell.edu; Sun et al., 2009). To

clarify the suborganellar localization of the CSP41 proteins,
chloroplasts were fractionated into thylakoids, stroma, and

envelopes. Specific proteins were detected with antibodies

raised against marker proteins for the individual fractions, as

well as against CSP41a and CSP41b (Fig. 3B). Most CSP41a

was detected in the stroma, although—like for RbcL—traces

were also present in the two envelope fractions. CSP41b was

exclusively found in the stroma (Fig. 3B).

The fact that CSP41a depends on CSP41b for its own
stability (Beligni and Mayfield, 2008; Bollenbach et al.,

2009; this study), together with the Co-IP of CSP41a with

a FLAG-tagged CSP41b variant (Bollenbach et al., 2009),

suggests that CSP41a and CSP41b physically interact. To

investigate further the nature of the CSP41-containing

complexes, stromal protein extracts equivalent to 60 lg of

Chl were fractionated by 2D BN/SDS–PAGE, blotted onto

nylon membrane, and treated with antibodies specific for
CSP41a or CSP41b. In WT plants, CSP41a and CSP41b

were detected at several positions in the BN gel, but always

Table 1. Thylakoid protein levels

Values for proteins are average signals derived from three

independent western analyses (PsbD, Lhcb1, PsaD, AtpD, PetD,

and NdhL; see also Fig. 2A), expressed relative to WT levels (¼1).

Standard deviations were <5% and values were significantly

different from the WT with P < 0.05 for csp41b-2 and csp41ab.

csp41a–4 csp41b–2 csp41ab

PsbD 1.10 0.68 0.67

Lhcb1 1.03 0.79 0.78

PsaD 0.98 0.71 0.69

AtpD 1.00 0.70 0.67

PetD 1.02 0.81 0.79

NdhL 1.04 0.78 0.76

Fig. 2. Composition and synthesis of thylakoid proteins in

greenhouse-grown csp41 mutants and the WT. (A) Western

analysis was performed on total protein extracts (40 lg) obtained

from WT (Col-0) and mutant plants. Decreasing amounts of WT

extract were added to lanes marked 0.753 Col-0 and 0.53 Col-0.

Protein complexes were visualized and quantified using antibodies

specific for representative subunits. Actin was used as a loading

control. As a further control for loading, a replicate gel was stained

with Coomassie brillant blue (C.B.B). One representative of three

independently prepared immunoblots is shown. (B) Pulse labelling

of thylakoid membrane proteins in young (7th–8th true) leaves and

mature (3rd–4th true) leaves of WT and csp41 mutants. After

inhibition of cytosolic translation with cycloheximide, plastid protein

synthesis was monitored by pulse-labelling with [35S]methionine

for 20 min; thylakoid membrane proteins were isolated from WT

and csp41 mutant leaves, fractionated by SDS–PAGE, and

analysed by autoradiography. Prior to drying, the gel was stained

with C.B.B. and the stained LHCII bands are indicated. The

experiment was performed three times with similar results.
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together; the signals corresponded to molecular species with

masses of ;40, ;80, ;120, and ;200 kDa (Fig. 3C), with

the ;40 kDa spot representing the monomeric forms

(CSP41a, 36 kDa; CSP41b, 37 kDa). In the absence of

CSP41a (in the csp41a-4 mutant), CSP41b still formed

complexes resembling those in WT plants, but CSP41a

migrated as a monomer in csp41b-2 mutant plants (Fig. 3C).

In order to analyse the composition of CSP41-containing
complexes further, stromal proteins were cross-linked with

EDC. Cross-linking experiments were performed on stromal

extracts from WT, csp41a-4 mutant, and csp41b-2 mutant

plants expressing a CSP41b:CFP construct under control of

the 35S promoter (35S::CSP41b:CFP). The latter line

contains CSP41a and the 64 kDa CSP41b:CFP construct,

but no CSP41b. Because the CSP41b:CFP fusion can

complement the csp41b-2 mutant phenotype (see Supple-
mentary Fig. S2 at JXB online), the tagged protein is

functional. Cross-linking of WT proteins, followed by SDS–

PAGE and immunoblotting, resulted in detection of a prod-

uct of ;75 kDa by both CSP41a- and CSP41b-specific

antibodies (marked ‘1’ in Fig. 3D). Because the 75 kDa

band was replaced by one of ;100 kDa (marked ‘1’) in

plants expressing the larger CSP41b:CFP construct, these

two species presumably result from cross-linking of the
constituents of the heterodimers CSP41a/CSP41b and

CSP41a/CSP41b:CFP, respectively. In the csp41a-4 line,

a cross-linking product of ;70 kDa containing CSP41b

was detectable (marked ‘2’). This product must result either

from cross-linking of two CSP41b monomers, or from

interaction of CSP41b with another protein of similar size.

Taken together, it can be concluded that (i) CSP41

proteins are predominantly localized in the stroma; (ii)
higher order complexes containing both CSP41 proteins

exist; (iii) formation of these complexes requires CSP41b;

(iv) in the absence of CSP41b (in csp41b-2 plants), CSP41a

appears in monomeric form; and (v) CSP41b can form

complexes in the absence of CSP41a also with itself or with

another protein of similar size.

Stoichiometry and post-translational modifications of
CSP41 proteins

For CSP41 proteins several post-translational modifications,

including phosphorylation (CSP41a; Reiland et al., 2009,

2011; CSP41b, Reiland et al., 2011) and lysine acetylation

(CSP41a; Finkemeier et al., 2011), have been reported.

Moreover, both CSP41 proteins contain redox active cysteines

Fig. 3. Characterization of complexes containing CSP41 proteins.

(A) Total protein (TP) and chloroplast protein (Chl) extracts

corresponding to 3 lg of Chl were subjected to SDS–PAGE,

followed by immunoblot analysis using antibodies raised against

CSP41 proteins. As controls, RbcL for chloroplast and actin for

non-chloroplast proteins were used. As control, Ponceau Red

stain (P.R.) of the membrane prior to antibody immunodecoration

is shown. (B) Chloroplasts from WT plants were subfractionated

into thylakoids (Thy), two envelope fractions (Env1 and Env2), and

stroma (Str). Aliquots (40 lg) of proteins from each fraction were

subjected to SDS–PAGE, followed by immunoblot analysis using

antibodies raised against CSP41 proteins. As controls for the

purity of the different fractions, antibodies recognizing Lhcb1,

TIC110, and RbcL, which are located in thylakoids, envelope, and

stroma, respectively, were used. (C) Stromal proteins from

chloroplast samples corresponding to 30 lg of Chl were fraction-

ated by BN-PAGE in the first dimension and by SDS–PAGE in the

second. CSP41a and CSP41b were each detected using specific

antibodies. The approximate molecular masses of the labelled

protein complexes were estimated from the mobilities of other

complexes with known molecular masses (Peltier et al., 2006).

(D) Stromal proteins (70 lg) from WT (Col-0), csp41a-4 mutants,

and a csp41b-2 line expressing CSP41b:CFP were cross-linked

with EDC and fractionated by SDS–PAGE. Protein detection was

carried out with specific antibodies as in A–C. Asterisks indicate

unspecific bands detected by the CSP41b antibody.
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(Ströher and Dietz 2008); in particular, CSP41a has been

identified as a putative thioredoxin target (Marchand et al.,

2006). Because both phosphorylation and acetylation of

amino acid residues add negative charges to the molecule and

therefore shift the pI of the modified proteins towards

decreased pH, 2D IEF/SDS–PAGE analyses were perfomed

to characterize further the extent of post-translational mod-

ifications of CSP41a and CSP41b. Unmodified CSP41a and
CSP41b have predicted pIs of 6.04 and 6.36 respectively,

whereas unmodified RbcL (which in vivo also becomes

phosphorylated and acetylated; Lohrig et al., 2009; Finkeme-

ier et al., 2011) with a predicted pI of 5.88 was employed as

control. As expected, CSP41a protein species migrated at

a more basic pH relative to the main RbcL species and, in

turn, CSP41b proteins at a more basic pH than CSP41a (Fig.

4A, B). Comparison of Coomassie-stained 2D IEF/SDS–
polyacrylamide gels from WT and csp41b-2 mutant plants

allowed identification of spots tentatively representing CSP41a

and CSP41b, which were subsequently unambiguously

assigned to CSP41a and CSP41b by immunoblot analysis

employing antibodies specific for the two proteins (Fig. 4B).

In total, six different protein species could be observed for

CSP41a and five for CSP41b, indicating that in vivo both

CSP41 proteins occur with post-translational modifications.
To corroborate that CSP41a and CSP41b undergo post-

translational modification by phosphorylation, protein blot

analyses of IEF/SDS–polyacrylamide gels were carried out

with phosphothreonine-specific antibodies. The images de-

rived from Coomassie staining (Fig. 4A, blue) and from the

immunodecoration of phosphorylated threonines (red) were

merged, such that phosphorylated proteins are indicated by

purple spots and highly phosphorylated proteins by red
ones (Fig. 4C). The pattern of stromal phosphoproteins is in

accordance with previous studies (Goulas et al., 2006;

Reiland et al., 2009, 2011; Lohrig et al., 2009) and, indeed,

for both CSP41a and CSP41b, phosphorylated variants

were detected (Fig. 4D). Moreover, it was found that lack

of CSP41b changes the phosphorylation state of several

other stromal proteins.

In addition, the results of the 2D PAGE analyses allowed
estimation of the relative abundance of CSP41a and

CSP41b. To this end, the main spot intensities of CSP41a

and CSP41b relative to the complete signals were de-

termined by protein blot analysis (Fig. 4B), quantified from

the Coomassie gel (Fig. 4B, see arrow), and their relative

ratio was calculated. The results indicate that CSP41b is

;2.6-fold more abundant than CSP41a.

HMW CSP41 complexes are associated with RNAs in
the dark

Because CSP41 proteins have been found to bind and cleave

RNA in vitro (Yang et al., 1995, 1996; Yang and Stern,
1997; Bollenbach and Stern, 2003a, b), investigations were

carried out to determine whether stromal CSP41 complexes

are associated with chloroplast RNAs. To this end, stromal

extracts of WT plants (from chloroplasts containing 160 lg

of Chl) adapted to the dark (to avoid formation of starch

granules which might disrupt chloroplasts during their

isolation) were treated with RNase A or left untreated,

separated by 2D BN/SDS–PAGE, and subjected to immu-

noblot analysis with CSP41a- and CSP41b-specific anti-

bodies. In untreated samples, multiple HMW complexes

could be detected, which largely disappeared in RNase-

treated samples (Fig. 5A, B). This implies that the forma-

tion of HMW CSP41 complexes depends on the interaction
with RNA.

In order to determine whether the association of CSP41

proteins in HMW complexes is regulated by light, the

formation of HMW CSP41 complexes in samples taken

from light-adapted plants was investigated (Fig. 5C). In

fact, in light-adapted plants, the accumulation of HMW

CSP41 complexes was similar to that of dark-adapted

plants treated with RNase A. This suggests that the
formation of CSP41 riboprotein complexes is negatively

regulated by light. Because the stromal redox state is shifted

in the light to reducing conditions, it is tempting to

speculate that the formation of CSP41–RNA complexes is

redox regulated. This hypothesis was experimentally

addressed by analysing the formation of CSP41 complexes

in light-adapted psad1-1 mutants (Fig. 5C). This mutant

displays a strong decrease in linear photosynthetic electron
flow and consequently possesses a more oxidized stroma

(Ihnatowicz et al., 2004; DalCorso et al., 2008). Because in

light-adapted psad1-1 plants an increase in the formation of

HMW complexes was noted, it can be concluded that

CSP41 riboprotein complex assembly is indeed regulated by

the redox state of the chloroplast, with more reducing

stromal conditions (light versus dark, WT versus psad1-1),

resulting in the dissociation of HMW CSP41–RNA com-
plexes. A tentative cause for this behaviour could be the

redox-dependent post-translational modification of CSP41

proteins, and, in fact, the pIs of CSP41b species were found

to be shifted towards higher pH values in the light (see

Supplementary Fig. S3 at JXB online).

Target transcripts of CSP41 complexes encode
photosynthetic core proteins, and 16S and 23S rRNAs

CSP41a has previously been identified as a protein bound to

the 3’ stem–loop of the petD mRNA (Yang et al., 1995),

and putative protein interactions have mostly been pro-

posed because of co-migration behaviour in sucrose gra-
dients and colourless native PAGE (Peltier et al., 2006;

Beligni and Mayfield, 2008). In order to determine system-

atically the composition of CSP41–RNA complexes, Co-IP

experiments in combination with MS analysis, as well as

RIP-chip, were carried out. Because the CSP41a- and

CSP41b-specific antibodies proved to be unsuitable for Co-

IP experiments, the analyses were performed on stromal

extracts from the lines that express CSP41b:CFP in the
csp41b-2 mutant background using a GFP antibody (see

Fig. 3D; see Supplementary Fig. S2 at JXB online). As

control, Co-IP was also performed on stroma from plants

expressing eGFP that is targeted to the chloroplast by the

N-terminal chloroplast transit peptide from ferredoxin-
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NADP(+) oxidoreductase (FNR) which is cleaved off after

chloroplast import (cp-eGFP; Marques et al., 2004). After

analysing the immunoprecipitations by western analysis

employing a GFP antibody, which also recognizes CFP

and cp-eGFP (see Supplementary Fig. S4A at JXB online),

the precipitate was subjected to MS. This experiment was

performed in duplicate and only proteins detected in both

experiments in the CSP41b:CFP sample but not in the cp-

eGFP control were considered as tentative components of

the CSP41 complex (Table 2; Supplementary Table S2). As

expected, CSP41b and CSP41a were identified and exhibited

the highest total sequence coverage by detected tryptic

peptides. In addition, LTA2, the E2 subunit of the plastid

pyruvate carboxylase, which was shown to co-migrate with

Fig. 4. CSP41 proteins are post-translationally modified. (A) Stromal proteins (500 lg) from WT (Col-0) and csp41b-3 plants were

fractionated by IEF in the first dimension and by SDS–PAGE in the second. Proteins were transferred to PVDF membranes and stained

with Coomassie brilliant blue (C.B.B.). (B) Sections of A containing CSP41 proteins stained with C.B.B. or immunodecorated with

specific antibodies raised against CSP41a or CSP41b are shown. Arrows indicate the main CSP41a and CSP41b protein species.

(C) The membranes from A were immunodecorated with antibodies against phosphorylated threonine residues; the detected signals

were converted to red and merged with the image shown in A. Phosphorylated proteins are shown in purple, and highly phosphorylated

proteins in red. (D) Sections of C containing CSP41 proteins. The asterisk marks glyceraldehyde-3-phosphate dehydrogenase B (Goulas

et al., 2006). This protein, together with RbcL and RbcS, has been previously found to be phosphorylated (Lohrig et al., 2009; Reiland

et al., 2009). Arrows indicate the main CSP41a and CSP41b protein species. (A–D) At least two independent experiments were

performed with similar results.
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CSP41b in HMW complexes (Olinares et al., 2010), was

also detected (Table 2; Supplementary Table S2). These

results suggest that CSP41b is not stably associated with

PEP or ribosomes, as previously suggested (Pfannschmidt
et al., 2000; Yamaguchi et al., 2003), but might interact to

some extent with LTA2, which co-migrates with CSP41b in

HMW complexes (Olinares et al., 2010).

For RIP-chip assay (Schmitz-Linneweber et al., 2005),

RNAs from pellet and supernatant fractions of the

immunoprecipitate were purified and labelled with red

(Cy5) and green (Cy3) fluorescing dyes, respectively. Both

RNA fractions were then competitively hybridized to an
A. thaliana chloroplast genome tiling microarray. The

ratio of red (F635) to green (F532) fluorescence (F635/F532 or

enrichment ratio) for each spot reflects the degree to which

the corresponding RNA sequence is enriched in the

pelleted immunoprecipitate. CSP41b:CFP-associated

RNAs were identified as RNAs that were enriched to

a higher degree in immunoprecipitates from CSP41b:CFP

stroma than in immunoprecipitates from cp-eGFP stroma.
Data from two replicate experiments were normalized and

used to calculate median enrichment ratios for each DNA

fragment among the replicate spots (six per array) (see

Supplementary Table S3 at JXB online). To visualize

sequences that were preferentially enriched from the

CSP41b:CFP extract, the difference between CSP41b:CFP

and cp-eGFP samples with respect to the median normal-

ized values for each DNA fragment was plotted as

a function of chromosomal position (Fig. 6A; Supplemen-

tary Table S3). Only those peaks were considered to

represent true RNA targets that (i) showed >2-fold

enrichment; (ii) hybridized with more than one genomic
fragment on the array; and (iii) for which a t-test indicated

significant enrichment (P < 0.01). Based on these criteria,

Fig. 5. CSP41-containing complexes interact with RNA. (A) Stromal proteins from dark-adapted plants corresponding to 160 lg of Chl

were fractionated by BN-PAGE in the first dimension and by SDS–PAGE in the second. CSP41a and CSP41b were each detected using

specific antibodies. As control, the Coomassie brilliant blue (C.B.B.) staining of the membrane prior to immunodecoration is shown.

(B) Stromal proteins as in A, but treated with RNase. The asterisk indicates RNase A. (C) Stromal proteins from light-adapted WT and

psad1-1 plants detected as in A. (A–C) The approximate molecular masses of the labelled protein complexes were estimated from the

mobility of other complexes with known molecular masses (Peltier et al., 2006).

Table 2. MS analysis of co-immunoprecipitates of CSP41b:CFP

Data are given for two independent experiments. Only proteins for

which tryptic peptides were found in CSP41b:CFP, but not in cp-

eGFP Co-IP analyses are considered. Peptides were assigned to

MS/MS spectra by the SEQUEST searching algorithm. Identified

peptides are listed in Supplementary Table S2 at JXB online.

Gene Protein No. of matched peptides

At1g09340 CSP41b 29/86

At3g63140 CSP41a 5/20

At3g25860 LTA2 2/3
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enrichment of RNAs for the genes psbD/C, psaA/B, and

rbcL was observed. For psbD/C, five contiguous genomic

fragments were co-enriched, eight for psaA/B and three for

rbcL. If only two of the three criteria were employed,

additional putative targets could be identified— transcripts

of the genes ycf4, psbE-petL, psbB-petD, ndhD, ndhG/I,
and ndhK/C. Strikingly, enrichment was observed only for

mRNAs which code for proteins involved in photosynthe-

sis, but not for tRNAs.

Previous experiments had suggested that CSP41b might

interact with 23S rRNA precursors (Beligni and Mayfield,

2008). Because of their high abundance, rRNAs give by far

the strongest signal in the supernatant in RIP-chip experi-
ments. rRNA precursors are far less abundant, and if

CSP41b were to interact with such precursors, the minimal

Fig. 6. Identification of RNAs associated with CSP41b by RIP-chip analysis. (A) Differential enrichment ratios. The enrichment ratios

(F635/F532) obtained from an assay involving CSP41b:CFP stroma were normalized with respect to a control assay using cp-eGFP stroma

(both assays were performed in duplicate). The median normalized values for replicate spots from the cp-eGFP data were subtracted

from the CSP41b data, log2 transformed, and plotted according to fragment number. Fragments are numbered according to their

chromosomal positions. The data used to generate this figure are provided in Supplementary Table S3 at JXB online. Prominent peaks

are labelled with gene names. (B) Differential pellet signals. The data from the experiments described in the upper panel were used to

subtract normalized mean pellet signals (F635) obtained in cp-eGFP assays from those calculated for CSP41b:CFP assays. The

corresponding data can also be found in Supplementary Table S4. (C) Slot-blot hybridization of RNAs that co-immunoprecipitate with

CSP41b:CFP. One-tenth of the RNA recovered from each supernatant (sn) or half of the RNA recovered from each immunoprecipitation

pellet (p) was applied to slot blots and hybridized with probes specific for rrn23, rrn16, psbA, rbcL, psaA, or psbC. (D) Slot-blot

hybridization of RNAs that co-immunoprecipitate with CSP41a:eGFP and CSP41b:eGFP. One-tenth of the RNA recovered from each

supernatant (sn) or half of the RNA recovered from each immunoprecipitation pellet (p) was applied to slot blots and hybridized with

probes specific for rrn23, rrn16, psbA, rbcL, psaA, or psbC.
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amounts of this subpopulation of rRNA precipitated might

not produce a sufficiently large shift in enrichment ratios

between experiments and controls to be scored as significant.

To exclude the dominant impact of excessive amounts of

mature rRNA in the supernatant, only the pellet signals (F635)

between CSP41b:CFP and cp-eGFP experiments were com-

pared. This comparison resulted in the identification of psbD/

C, psaA/B, and rbcL, which had already been recognized
based on the ratio comparisons described above (see Fig. 6A).

In addition, very prominent peaks for rrn16, rrn23, and psbA,

which are known to correspond to abundant chloroplast

RNAs, were found (Fig. 6B; Supplementary Table S4 at JXB

online). Because none of the highly abundant tRNAs gave

a signal in this type of analysis, the appearance of peaks for

rrn16, rrn23, and psbA is unlikely to be attributable to higher

overall background contamination by abundant RNAs.
Moreover, the relative abundances of the different RNAs in

the supernatants of CSP41b:CFP and cp-eGFP immunopre-

cipitations were very similar (see Supplementary Fig. S5 at

JXB online). No bias suggesting a general excess of RNAs or

an excess of specific RNAs in CSP41b:CFP experiments was

observed. This implies that one-channel comparisons in RIP-

chip experiments can uncover RNA ligands that represent

just a minor fraction of all RNAs corresponding to a specific
gene (Prikryl et al., 2008). One drawback of the differential

pellet analysis may lie in the difficulty in visualizing differ-

ences for transcripts that are of low abundance.

To confirm the chip hybridization data, slot-blot analyses

with gene-specific probes were carried out employing RNA

from the supernatant and pellet of immunoprecipitates from

CSP41b:CFP and cp-eGFP stroma (see Supplementary

Fig. S4 at JXB online), demonstrating enrichment of psaA,
rbcL, psbA, and psbC in the pellet fraction of CSP41b:CFP

immunoprecipitates (Fig. 6C). In order to verify that the

RNA is bound by both CSP41a and CSP41b or by

a complex containing both proteins (see Figs 3C, D, 4A;

Table 2; Supplementary Table S2), RNA Co-IP was

performed on stroma from plants expressing eGFP-

tagged versions of CSP41a and CSP41b, and the immu-

noprecipitation of the proteins was confirmed by protein
gel analysis (Supplementary Fig. S4B). In fact, all tested

RNAs were highly enriched in the pellet of both

CSP41a:eGFP and CSP41b:eGFP immunoprecipitates

with respect to immunoprecipitates from the line express-

ing eGFP alone (Fig. 6D).

In summary, the RIP-chip analysis points to several RNAs

as putative ligands of CSP41 complexes. These include

mRNAs for the large subunit of Rubisco (RbcL), core
proteins of PSI (PsaA and PsaB) and PSII (D1, D2, CP43,

C47, Cyt b559, and PsbH), and subunits of the NDH (NdhK,

NdhC, NdhD, NdhI, NdhG) and Cyt b6/f complexes (Cyt b6,

SubIV, and PetL), as well as 16S and 23S rRNAs.

Lack of CSP41b leads to a decrease in levels of 16S
and 23S rRNAs and of target mRNAs

The decrease in translational activity in mature leaves of the

csp41b-2 mutant, together with the interaction of CSP41b

with 16S and 23S rRNAs, suggests that the influence of

CSP41b on translation is mediated by its interaction with

these rRNAs. In this context, Beligni and Mayfield (2008)

have previously shown that lack of CSP41 proteins alters

23S rRNA accumulation: in particular, there is an increase

in relative levels of unprocessed 23S rRNA in csp41a and

csp41b mutants. To reinvestigate the accumulation of 16S

and 23S rRNAs in the absence of CSP41 proteins, RNA
was isolated from leaves of whole Col-0 and csp41 mutant

plants. As a control, total leaf RNA was also isolated from

prpl11-1, a mutant that is specifically affected in plastid

translation due to lack of the L11 protein of the plastid 50S

ribosomal subunit (Pesaresi et al., 2001). Northern analysis

with a probe recognizing the 5’ end (500 nucleotides) of 23S

rRNA indicated that in plants lacking CSP41b, levels of all

23S rRNA species (the precursor and ribosome-incorporated
forms, processed at hidden breaks) and 16S rRNA were

reduced (Fig. 7A, Table 3). In prpl11-1, the unprocessed 23S

rRNA species accumulated to WT levels. Therefore, it

appears likely that the decrease in unprocessed 23S rRNA

in csp41b-2 and csp41ab mutants is directly associated with

the absence of CSP41b (and therefore CSP41 complexes)

and is not the consequence of a general drop in translational

activity.
The decrease in all 23S rRNA species observed here in all

genotypes lacking CSP41b is at variance with the findings of

Beligni and Mayfield (2008), and might be attributable to

the different growth conditions employed in the two studies

(Murashige and Skoog medium and a 12 h/12 h light/dark

cycle of 40 lmol photons m�2 s�1 in the earlier work;

14 h/10 h light/dark cycle in the greenhouse, natural light

supplemented with ;180 lmol photons m�2 s�1 in the
present study). Alternatively, a different developmental

state of plants [4-week-old plants in the present study;

unknown age in Beligni and Mayfield (2008)] might have

caused the different results.

Northern analyses were also performed with probes for

the putative target mRNAs psbD, psbC, petD, psbE, rbcL,

psaA, psbA, and ndhC. In csp41b-2 and csp41ab plants,

steady-state levels of the majority of transcripts analysed
decreased relative to those in csp41a-4 plants, which

behaved similarly to the WT (Fig. 7B). Only the level of the

polycistronic ndhC/K/J transcripts was slightly increased.

An intermediate behaviour was observed for prpl11-1

leaves, in which some transcripts were decreased in their

abundance compared with the WT and csp41a-4 plants. In

order to study the effects of loss of CSP41 proteins on the

levels of all chloroplast transcripts, the entire plastid
transcriptomes of csp41b-2 and csp41a-4 plants grown in

the climate chamber were analysed by qRT-PCR (Supple-

mentary Table S5 at JXB online). These analyses estab-

lished that deviations from WT were slight, and more

prominent in csp41b-2 than in csp41a-4 mutants.

A comparison with other mutants defective in chloroplast

gene expression (Okuda et al., 2007; Chateigner-Boutin

et al., 2008; de Longevialle et al., 2008; Delannoy et al.,
2009; Pfalz et al., 2009; Tillich et al., 2009) revealed that the

profiles for csp41a-4 and csp41b-2 plants were related to
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Fig. 7. Lack of CSP41b affects the accumulation of chloroplast rRNAs and specific mRNAs. (A) Samples (20 lg) of total RNA from light-

adapted WT (Col-0), csp41, and prpl11-1 mutant plants grown in the greenhouse (14 h/10 h light/dark regime at ;180 lmol photons

m�2 s�1) were size-fractionated by agarose gel electrophoresis, transferred to nitrocellulose filters, and probed with cDNA fragments

specific for the 5# end of rrn23 and rrn16. Methylene blue (M.B.) staining of total leaf RNA served as loading control. The asterisk marks

unprocessed rrn23. Quantification relative to WT can be found in Table 3. (B) Northern analyses of samples as in A with cDNA fragments

specific for the coding regions of psbC, psbD, petD, psbE, rbcL, psaA/B, psbA, and ndhC. M.B. staining of total leaf RNA served as

a loading control. (C) Run-on transcription in mature leaf chloroplasts isolated from WT and csp41b-2 plants. Duplicate nylon

membranes were spotted with 1 lg or 0.5 lg of PCR products corresponding to the genes indicated at the top. Isolated chloroplasts

were incubated in the presence of radiolabelled UTP. RNA from chloroplasts that had been pulse-labelled for 10 min was used to probe

the membranes shown. The nuclear ACTIN1 gene was included as negative control. Quantification relative to rps18 can be found in

Table 4. (D) Radiolabelled transcription products (TPs) from rrn23, psbC/D, and psbC were incubated with broken chloroplasts from WT
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those of crr (Okuda et al., 2007) and cp31 (Tillich et al.,

2009) mutants (see Supplementary Fig. S6 at JXB online).

However, RNA analysed by (qRT)-PCR was isolated from

plants grown in the climate chamber at 80 lmol photons

m�2 s�1 (see Supplementary Fig. S1A) and therefore the

results cannot be directly compared with the RNA blot

analysis.

At the level of the transcript pattern recognized by
individual probes, it was interesting to note that the psbC

transcript pattern varied in WT (Col-0), CSP41-less plants

and prpl11-1. In the WT, two psbC-specific transcripts of

;1700 nucleotides (marked by an asterisk) were present,

which were not detected by the specific psbD probe used

(Fig.7B). The lower transcript was more prominent in the

WT and hardly detectable in prpl11-1 with increased

intensity of the higher transcript, while both transcript
forms had approximately the same intensity in csp41b-2

and csp41ab mutants. Because the psbC gene contains

a promoter specific for PEP (Ishizaki et al., 2005), the larger

psbC-specific transcript might be due to preferential tran-

scription from an alternative and more distal nuclear-

encoded RNA polymerase (NEP) promoter as the result of

a drop in amounts of PEP owing to the translational defect

in prpl11-1 (Pesaresi et al., 2001) and csp41b (Fig. 2B)
mutants. In fact, upstream of the psbC PEP promoter

several NEP promoter consensus sequences (YRTA) (Liere

et al., 2004) can be found. Such a PEP-to-NEP promoter

switch has already been described for the atpBE transcript

in the absence of Sig6 (Schweer et al., 2006) and in the

csp41b mutant (Bollenbach et al., 2009).

Taken together, the data suggest that CSP41b controls

the accumulation of target rRNAs and mRNAs. Because

these effects are less pronounced in the prpl11-1 mutant

with a specific defect in plastid translation, CSP41b should

have a characteristic function in transcript accumulation.

Moreover, absence of CSP41a from CSP41 complexes also

does not have any major effect at the level of putative RNA

ligands.

RNA stability is decreased in the absence of CSP41b

To analyse whether the decrease in transcript accumulation

observed above was due to changes in the transcription rate,
a run-on transcription assay was performed with broken

chloroplasts from WT and csp41b-2 plants (Fig. 7C). The

newly synthesized labelled transcripts were hybridized to

probes against the putative CSP41 complex targets rrn16,

rrn23, rbcL, psbA, psaA, psaB, psbC, and psbD, and against

probes representing the non-target transcripts rps7, rps18,

and atpB as controls. When the signal intensities of the de

novo synthesized transcripts were compared with those of
the NEP promoter transcribed non-target rps7 and rps18

transcripts (Hajdukiewicz et al., 1997), it appeared that the

transcription rates of all analysed putative RNA targets

were lower in plants lacking CSP41b (Table 4). For the

RNAs that are primarily transcribed from a PEP promoter

(rbcL, psbA, psbC/D, and psaA/B; Allison et al., 1996;

Hajdukiewicz et al., 1997) this could be due to lower levels

of the PEP as a consequence of the decrease in plastid
translation (see Fig. 2B). Indeed, the transcription rate

of atpB, for which Bollenbach et al. (2009) have shown

a PEP-to-NEP promoter switch in csp41b plants, was not

changed in csp41b-2 mutants. The two putative rRNA

targets, rrn16 and rrn23, which can be transcribed from

both PEP and NEP promoters, also displayed a decrease in

de novo syntheses, with 0.69 and 0.79 of WT, respectively

(Table 4). This could indicate that for these two transcripts
a PEP-to-NEP promoter switch does not occur as efficiently

as for atpBE. The fact that the steady-state accumulation of

putative RNA targets was lower than the decrease in

transcriptional rate indicated that the direct role of CSP41

complexes might be the stabilization of target RNAs.

In order to assess directly the effect of the CSP41 complexes

on the 23S rRNA, an in organello RNA stability assay was

employed. Because CSP41a and CSP41b form HMW com-
plexes, broken chloroplasts from Col-0 and csp41b-2 leaves

were used for the assay, essentially as in the run-on

transcription assay, to provide conditions in which multi-

protein complexes are maintained. After addition of radioac-

tively labelled precursor rrn23 RNA, RNA was re-isolated

after 5 min, separated on a denaturing agarose gel, blotted

onto nylon membranes, and analysed by autoradiography. In

Table 3. Differential accumulation of 23S and 16S rRNA species

in greenhouse-grown csp41 mutants relative to WT (¼1)

Signals from two (16S rRNA) or three (23S rRNA) independent

northern analyses were quantified and normalized with respect to

the 25S rRNA methylene blue signal. Mean values 6SD are

shown. Asterisks indicate that results were significantly different

from the WT with Student’s t-test P-value <0.03 (*) and <0.02 (**).

23S rRNA 16S rRNA

2900 nt 1800 nt 500 nt

csp41a-4 0.9260.07 0.9860.20 1.1560.12 0.9060.02*

csp41b-2 0.6060.19 0.5360.13* 0.5960.09** 0.4560.02**

csp41ab 0.5760.18 0.5060.14* 0.5660.10** 0.4460.01**

prpl11-1 1.3860.19 0.7460.13 0.5660.08** 0.5360.03*

and csp41b-2 mutants followed by re-isolation of RNA, separation on a denaturing 1.5% agarose gel, and transfer to nylon membranes.

One representative of three independent experiments is shown. Note that in lane TP only one-tenth of the experimentally employed

amount of transcription product was loaded. (A–D) Signals were analysed by autoradiography. (E) Working model for action of CSP41

protein complexes: in the light, newly synthesized rRNA precursors are rapidly incorporated into functional ribosomes, which in turn

stabilize mRNAs during the translational process (arrows on ribosomes indicate translationally active ribosomes); CSP41 protein

complexes do not bind to RNA. In the dark, CSP41 protein complexes associate with RNAs and protect them from nucleolytic cleavage.

Untranslated RNA not stabilized by CSP41 protein complexes (i.e. in the csp41b and csp41ab double mutant) are degraded by RNases.
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both genotypes, the majority of RNA molecules were de-

graded after incubation with broken chloroplasts, and the

rrn23 RNA appeared to be partially processed into distinct

bands, possibly representing rRNA segments protected by

ribosomal proteins or stable secondary structures (Fig. 7D).
Precursor rrn23 species were significantly (P < 0.05) less stable

in csp41b-2 samples compared with the WT (0.8460.04,

WT¼1). The same assay was also performed on the psbC/D

full-length transcript, and here also the transcript was less

stable in csp41b-2 broken chloroplasts. To investigate whether

the decrease in transcript stability was specific for full-length

transcripts, the psbC coding sequence, lacking 5# and 3#
stability determinants, was also analysed. Again, the stability
of the mRNA was found to be decreased in csp41b-2

chloroplasts. This indicates that CSP41 complexes stabilize

target transcripts, possibly by unspecifically shielding sites of

nucleolytic action.

Discussion

Do CSP41a and CSP41b have redundant functions?

The present data provide multiple lines of evidence for the

notion that CSP41a and CSP41b do not have entirely

redundant functions and that CSP41b appears to be

functionally more important than its homologue under the
conditions used. Loss of CSP41a has no obvious phenotypic

effect, while lack of CSP41b reduces chloroplast RNA levels

and impairs plant performance and, accordingly, the

csp41ab double mutant exhibits the same phenotype as

csp41b plants. Secondly, although CSP41 protein complexes

seem to contain both proteins in WT plants, CSP41b, which

is also present at higher levels, but not CSP41a, is essential

for their formation. This also implies that CSP41b can form
at least both homo- and heterodimers. Thirdly, the

A. thaliana CSP41b and its C. reinhardtii orthologue

RAP38 are more closely related to their cyanobacterial

CSP41 counterparts (slr1540 and alr_4831) than are the

CSP41a/RAP41 pair from A. thaliana and C. reinhardtii

(Yamaguchi et al., 2003) (see Supplementary Fig. S7A at

JXB online). Additionally, the predicted three-dimensional

structure and surface charge distribution of the cyanobacte-
rial CSP41 (slr1540) is more similar to Arabidopsis CSP41b

than to Arabidopsis CSP41a (see Supplementary Fig. S7B).

This, together with the lower level of divergence between

RAP38 and CSP41b compared with RAP41 and CSP41a,

suggests that CSP41a might be less constrained evolution-

arily, either because it is intrinsically less important for

chloroplast gene expression than CSP41b, or because

CSP41b can supply all its functions.

What types of complexes do CSP41 proteins form?

CSP41a and CSP41b proteins have been found to be

associated with the ribosome in C. reinhardtii (Yamaguchi

et al., 2003), and both proteins were further shown to co-

migrate in 2D gels with the L5 and L31 proteins of the 50S
subunit of the plastid ribosome in A. thaliana (Peltier et al.,

2006). Moreover, CSP41b has been co-purified with PEP

from mustard (Pfannschmidt et al., 2000). The present Co-

IP experiments with tagged CSP41b identified CSP41a as its

major interaction partner. Because of the co-migration of

the majority of both CSP41 proteins in several distinct spots

during 2D BN/SDS–PAGE, it can be assumed that they are

present in multimeric protein complexes mainly comprised
of these two subunits. In consequence, it can be concluded

that the function of CSP41 proteins in chloroplast gene

expression does not depend on a tight association with PEP

or the 70S ribosome, as proposed earlier (Pfannschmidt

et al., 2000; Yamaguchi et al., 2003). Indeed, the only other

protein—besides CSP41a—found in immunoprecipitates of

CSP41b:CFP was LTA2, the E2 subunit of the plastid

pyruvate decarboxylase. The physiological significance of
such an interaction, however, remains to be investigated.

The finding that HMW CSP41 complexes are disrupted

by treatment with RNase shows that they are associated

with RNAs. RIP-chip analyses indicated that these RNAs

include mRNAs for subunits of photosynthetic complexes,

as well as 16S and 23S rRNAs. No tRNAs, or mRNAs for

ribosomal proteins, were found to be targeted by CSP41.

At which step(s) in plastid RNA metabolism does the
CSP41 complex act?

Various roles for the interaction of CSP41 proteins with

RNAs have already been suggested, including functions in

the binding and stability of RNA (Yang et al., 1996; Yang

and Stern, 1997; Bollenbach and Stern, 2003a, b), in the

biogenesis of functional ribosomes (Beligni and Mayfield,

2008), and in transcription (Bollenbach et al., 2009). The
present results demonstrate that CSP41 complexes bind

various chloroplast RNAs, the levels of which decrease in

their absence. Because no direct evidence for an interaction

of CSP41 proteins with plastid ribosomes or the PEP

complex could be obtained in the present study (see above),

Table 4. Transcription rates compared with rps18 signals

Values for RNAs are average signals derived from three independent run-on transcription assays (rrn16, rrn23, rps7, rbcL, psbA, psbC,

psbD, psaA, psaB, and atpB, see also Fig 7C), expressed relative to the rps18 signal (¼1). Mean values 6SD are shown. Asterisks

indicate that results were significantly different between the WT and csp41b-2 with Student’s t-test P-value <0.05 (*) or <0.01 (**).

rrn16 rrn23* rps7 rps18 rbcL** psbA psbC** psbD* psaA psaB atpB

Col-0 17.364.7 24.062.1 0.760.2 1.060.0 12.061.5 23.767.0 20.162.1 20.063.2 5.862.4 5.361.9 1.460.3

csp41b-2 12.461.4 18.961.3 0.760.1 1.060.0 5.361.1 13.962.9 10.161.5 10.162.6 2.960.3 2.660.4 1.260.2
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it can be assumed that CSP41 complexes might serve to

stabilize RNAs. Indeed, the in organello assay showed

that the stability of two putative target RNAs including the

23S rRNA precursor was decreased in mutants lacking

CSP41b. Therefore, the lowered chloroplast translation rate

in CSP41-less mutants might be due to the destabilization of

23S and 16S rRNA precursors, resulting in fewer (;50%)

functional ribosomes. Moreover, the decreased levels of
target mRNAs might further suppress translation of distinct

transcripts. In accordance with this model, absence of

CSP41b proteins is expected to lead to (i) a drop in steady-

state levels of their target transcripts including 23S and

16S rRNA; (ii) a concomitant decrease in translation; and

(iii) a fall in levels of PEP synthesis and, consequently, of

transcription. However, it cannot be entirely excluded that

binding of target transcripts also directly influences their
transcription or translation.

Do CSP41 proteins act as RNases in planta?

It has been shown previously that CSP41 proteins display

endonuclease activity in vitro (Yang et al., 1996; Yang and

Stern 1997; Bollenbach and Stern 2003a, b). However, the

present data indicate that CSP41 protein complexes stabilize

target RNAs in vivo. These results do not have to be

mutually exclusive, because the endoribonuclease activity of
CSP41 might be highly regulated in vivo, for example by

post-translational modifications (see Fig. 4; Supplementary

Fig. S3 at JXB online; Marchand et al., 2006; Ströher and

Dietz, 2008; Reiland et al., 2009, 2011; Finkemeier et al.,

2011). In consequence, CSP41 complexes might stabilize

RNAs by binding in an inactive state (without endonuclease

activity) to sites that otherwise could be targeted by other

RNases. Specific cues (not present under laboratory growth
conditions) could then lead to the activation of ribonucleo-

lytic activity and degradation of target transcripts.

How can the development-dependent phenotype of
plants lacking CSP41b be explained?

CSP41 proteins are expressed in green tissue at all plant

stages (Genevestigator, www.genevestigator.com; Hruz

et al., 2008), and CSP41a accumulates equally in young

and mature leaves (Bollenbach et al., 2009). However, the

function of CSP41 complexes seems to be especially re-
quired in mature leaves. One explanation is that in younger

leaves processes operate which compensate for the lack of

CSP41b. Interestingly, mutants with reduced levels of the

plastid-encoded polymerase show an inverse developmental

phenotype compared with csp41b mutant plants with pale

and photosynthesis-compromised younger leaves but nor-

mal mature leaves (Chi et al., 2008; Chateigner-Boutin

et al., 2011). The set of transcripts targeted by CSP41
complexes and transcribed by the PEP overlap. Therefore, it

is plausible to conclude that the RNA-stabilizing function

of CSP41 complexes is not required in young leaves where

sufficient transcripts are synthesized by the PEP. In older

leaves, however, CSP41-dependent transcript stabilization

processes might become crucial to maintain chloroplast

gene expression. Accordingly, it has been shown that

chloroplast transcript stability increases with leaf age (Klaff

and Gruissem 1991). Alternatively, or additionally, the

post-translational modification of CSP41 proteins might

regulate their function in a development-dependent manner.

What is the physiological role of CSP41 complexes?

CSP41 proteins do not form HMW complexes to a detect-

able extent in the light, when the translational machinery of

the chloroplast is most active (reviewed by Marin-Navarro
et al., 2007). In the dark, however, CSP41 proteins are

found in HMW complexes that can be disrupted by RNase

treatment (see Fig. 5). Provided that increased ribosomal

and polysomal association during translation contribute to

stabilize chloroplast RNAs in the light (Klein et al., 1988;

Berry et al., 1990; Yohn et al., 1996), a working model for

the function of CSP41 complexes as a complementary

RNA-stabilizing element in the dark can be proposed
(Fig. 7E). Thus, non-translated mRNAs and non-ribosome-

incorporated rRNA precursors are bound by CSP41 com-

plexes in the dark and thereby protected from nucleolytic

cleavage. This would allow rapid translation initiation and

elongation from these stabilized transcripts as well as de

novo ribosome assembly, when the translational machinery

is boosted in the light (reviewed by Marin-Navarro et al.,

2007). In mutants lacking CSP41 complexes, untranslated
target transcripts and rRNA precursors would be more

rapidly degraded. The association of CSP41 complexes with

RNA ligands in the dark and the dissociation in the light

seem to be controlled by the redox state of the chloroplast,

because HMW complexes which only assemble in the dark

can be found in the psad1-1 mutant with reduced linear

electron transport and therefore more oxidizing conditions

(Ihnatowicz et al., 2004; DalCorso et al., 2008) also in the
light (Fig. 5C). Changes in the pIs of CSP41b species

between dark and light conditions (Supplementary Fig. S3

at JXB online) indicate that the redox state of the stroma

might be signalled to CSP41b via post-translational mod-

ifications and thereby regulate the RNA-binding properties

of CSP41 complexes.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Phenotypic characterization of csp41 insertion

lines.

Figure S2. CFP-tagged CSP41b can complement the

csp41b-2 mutation.

Figure S3. IEF analysis of CSP41b proteins from light-

and dark-adapted plants.
Figure S4. Analyses of immunoprecipitated CSP41b:CFP,

chloroplast-targeted eGFP (cp-eGFP), CSP41a:eGFP, and

CSP41b:eGFP.

Figure S5. RIP-chip analysis: differential supernatant

signals and validation of data.
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Figure S6. Comparative plastid transcriptome analysis in

mutants affecting plastid gene expression.

Figure S7. Unrooted phylogram of the CSP41 family of

proteins and predicted protein structures.

Table S1. Overview of primers used for amplification of

probes for northern, slot blot, and transcription run-on

assays

Table S2. MS data of proteins from co-immunoprecipitates
of CSP41b:CFP.

Table S3. RIP-chip data from differential enrichment

ratios.

Table S4. RIP-chip data from differential pellet signals.

Table S5. Log2 values of mRNA expression (relative to

WT) measured by qRT-PCR.
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