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ABSTRACT

Organellar biogenesis is mainly regulated by nucleus-encoded factors, which act on various steps of gene

expression including RNA editing, processing, splicing, stabilization, and translation initiation. Among

these regulatory factors, pentatricopeptide repeat (PPR) proteins form the largest family of RNA binding

proteins, with hundreds of members in flowering plants. In striking contrast, the genome of the unicellular

green alga Chlamydomonas reinhardtii encodes only 14 such proteins. In this study, we analyzed PPR7,

the smallest and most highly expressed PPR protein in C. reinhardtii. Green fluorescent protein-based

localization and gel-filtration analysis revealed that PPR7 forms a part of a high-molecular-weight ribonu-

cleoprotein complex in the chloroplast stroma. RIP-chip analysis of PPR7-bound RNAs demonstrated that

the protein associateswith a diverse set of chloroplast transcripts in vivo, i.e. rrnS, psbH, rpoC2, rbcL, atpA,

cemA-atpH, tscA, and atpI-psaJ. Furthermore, the investigation of PPR7 RNAi strains revealed that deple-

tion of PPR7 results in a light-sensitive phenotype, accompanied by altered levels of its target RNAs that are

compatible with the defects in their maturation or stabilization. PPR7 is thus an unusual type of small multi-

functional PPR protein, which interacts, probably in conjunction with other RNA binding proteins, with

numerous target RNAs to promote a variety of post-transcriptional events.
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INTRODUCTION

Maintenance and regulation of chloroplast gene expression and

biogenesis is mainly guaranteed by nucleus-encoded proteins

that are specifically targeted to the organelle. Many of these

factors belong to a class of RNA binding proteins, the pentatrico-

peptide repeat proteins (PPRs), which have been shown to

participate in all stages of organellar gene expression (reviewed

in, e.g., Barkan, 2011; Shikanai and Fujii, 2013; Barkan and

Small, 2014).

PPRs are characterized by 2–30 tandemly arranged �35-amino-

acid repeats, each of which is predicted to form a pair of short

a helices (reviewed in Schmitz-Linneweber and Small, 2008).

The repeat motifs themselves are only weakly conserved and
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are assumed to mediate the sequence-specific binding of

single-stranded RNA ligands by a modular mechanism (Barkan

et al., 2012; Yagi et al., 2013). Based on in silico and in vitro

analysis of PPR proteins and their respective target sequences,

it has been proposed that a certain combination of amino acids

of each PPR motif recognizes one specific nucleotide of the

target RNA (Fujii et al., 2011; Barkan et al., 2012; Fujii et al.,

2013; Takenaka et al., 2013; Yagi et al., 2013; Hammani et al.,

2014). The first crystal structures of PPR proteins have

appeared only recently, and their analysis supports the idea

that specific amino acids at certain positions within the PPR
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helices mediate the binding to distinct nucleotides in the

interacting RNAs (Ban et al., 2013; Yin et al., 2013).

The binding of PPR proteins to their target sequences, which are

often located in 50 or 30 untranslated regions (UTRs), introns, or

intergenic regions of polycistronic mRNAs, can determine the

stability, processing, editing, and/or translation of the transcript

(Stern et al., 2010; Hammani et al., 2014). It is generally

assumed that the binding site of a PPR protein within UTRs or

intergenic regions of its target RNA defines the RNA termini by

blocking exoribonucleases (reviewed in Barkan, 2011). However,

their precise mode of action has been described only in a few

cases (e.g. Nakamura et al., 2003; Kobayashi et al., 2012;

Zhelyazkova et al., 2012). One outstanding example is the

detailed analysis of the chloroplast protein PPR10 from maize,

which binds to a 17-nt sequence in the atpI-atpH intergenic re-

gion, blocking both 50 / 30 and 30 / 50 exoribonucleases, thereby
stabilizing both atpI and atpH transcripts. Furthermore, PPR10 ap-

pears to enhance the translation of the atpH transcript by remod-

eling the conformation of its ribosome binding site (Pfalz et al.,

2009; Prikryl et al., 2011).

The PPR gene family is universally distributed in eukaryotes, with

only few members occurring in non-plant organisms like mam-

mals and fungi, while several hundred are found in terrestrial

plants (reviewed in Lightowlers and Chrzanowska-Lightowlers,

2008; Fujii and Small, 2011; Lipinski et al., 2011; Hammani

et al., 2014). The large numbers of PPRs in land plants (e.g. 450

in Arabidopsis; 477 in rice), where they represent one of the

largest known protein families, stands in marked contrast to the

limited numbers of PPRs encoded by the genomes of green

algae. Thus, a recent comprehensive in silico analysis of algal

PPRs identified only 14 proteins in the unicellular green alga

Chlamydomonas reinhardtii, with the best-endowed species be-

ing Chlorella sp. N64A with 25 genes (Tourasse et al., 2013).

While PPRs have been intensively analyzed in higher plants for

more than a decade, little is known about their counterparts in

less complex photosynthetic eukaryotes. So far, only two algal

PPRs, the C. reinhardtii proteins MCA1 and MRL1, have been

functionally characterized. MCA1 stabilizes the petA mRNA that

encodes cytochrome f and enhances its translation by binding

to its 50 UTR (Raynaud et al., 2007; Loiselay et al., 2008;

Boulouis et al., 2011). MRL1, on the other hand, is involved in

the stabilization of rbcL mRNA, which codes for the large

subunit of Rubisco (Johnson et al., 2010).

As the molecular analysis of this small set of algal PPRs is partic-

ularly interesting from an evolutionary point of view, we decided

to investigate the function of another, unusually small PPR protein

from C. reinhardtii, PPR7.
RESULTS

PPR7, a Small PPR Protein in C. reinhardtii

PPR7 (Cre01.g048750) is one of the two unusually small PPRs

in C. reinhardtii (Tourasse et al., 2013). In contrast to most

other algal PPRs, the protein is conserved across the entire

Chlorophyta (Supplemental Figure 1). Sequencing of the EST

clone LCO31f03-r (GenBank Accession No. AV621129) from the
Kazusa DNA Research Institute confirmed the predicted coding

sequence of the gene model (chromosome_1:6771579.6774128,

on the minus strand) available on Phytozome (http://www.

phytozome.net), while the sizes of the UTRs were slightly different

from those proposed. The 1344-nt PPR7 transcript contains four

exons, comprising a 666-nt coding sequence flanked by untrans-

lated regions of 163 and 515 nt at its 50 and 30 ends, respectively.
The predicted protein has 221 amino acids with a molecular mass

of 24.3 kDa. In silico analysis of theN-terminal region of PPR7with

Predalgo (https://giavap-genomes.ibpc.fr/predalgo; Tardif et al.,

2012) indicated a chloroplast localization, while TargetP (http://

www.cbs.dtu.dk/services/TargetP; Emanuelsson et al., 2000)

and Predotar (http://urgi.versailles.inra.fr/predotar/predotar.html;

Small et al., 2004) suggested mitochondrial targeting. The

transit peptide predicted by ChloroP (http://www.cbs.dtu.dk/

services/ChloroP/; Emanuelsson et al., 1999) is 41 residues

long, yielding a deduced molecular weight of 19.9 kDa for the

mature protein.

In contrast to most plant PPR proteins identified so far, which

contain �12 PPR repeats on average (Lurin et al., 2004;

Tourasse et al., 2013), PPR7 consists of only four PPR units,

followed by a very short, positively charged conserved tail

(Supplemental Figure 1). Based on the secondary and 3D

structure predictions, each of these repeats forms a pair of a

helices, as described for other PPR motifs (Supplemental

Figure 2). Analysis of two quantitative RNAseq studies that

compared the gene expression patterns of Chlamydomonas

cells cultured under phototrophic (CO2) and mixotrophic

(acetate) growth conditions showed that, in both studies and

both conditions, PPR7 is the most highly expressed of all PPR

genes, at least at the mRNA level (Castruita et al., 2011; Urzica

et al., 2012; Supplemental Table 1).

PPR7 Is Localized in the Chloroplast Stroma

To confirm the predicted organellar localization of PPR7, a PPR7-

GFP fusion protein was expressed in C. reinhardtii. As shown in

Figure 1A, the PPR7-GFP signal co-localized with the chlorophyll

autofluorescence of the single cup-shaped chloroplast. More-

over, no co-localization of the PPR7-GFP signal and the

MitoTracker-labeled mitochondria was observed, indicating that

PPR7 is targeted solely to the chloroplast.

To substantiate this finding, immunoblot analyses were per-

formed on subfractions of wild-type (WT) cells. Using a polyclonal

antiserum raised against recombinant PPR7 protein, we detected

a polypeptide with the expected molecular weight of �20 kDa in

total cell extracts and in the chloroplast fraction (Figure 1B).

Moreover, like the stromal heat-shock protein HSP70B, PPR7

was considerably enriched in the soluble stromal compartment,

and was undetectable in the crude thylakoid membrane and

mitochondrial fractions. Therefore, PPR7 appears to be a soluble

protein that resides in the chloroplast stroma.

PPR7 Is a Component of a High-Molecular-Weight,
RNase-Sensitive Complex

Most PPR proteins are found in RNase-sensitive, high-molecular-

weight (HMW) complexes (e.g. Fisk et al., 1999; Meierhoff et al.,

2003; Schmitz-Linneweber et al., 2006; Gillman et al., 2007;

Johnson et al., 2010). To ascertain whether PPR7 forms part of
Molecular Plant 8, 412–426, March 2015 ª The Author 2015. 413
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Figure 2. PPR7 Is a Component of a High-Molecular-Weight
Ribonucleoprotein Complex.
Stromal proteins (�2 mg) from the wild-type strain CC406 were fraction-

ated by size-exclusion chromatography in the absence (�RNase) or

presence (+RNase) of 250 U RNase One. Fractions 1–15 were subjected

to immunoblot analysis using a PPR7-specific antiserum. Molecular

weights were calculated by parallel analysis of HMW calibration markers.

Elution profiles of marker proteins (kDa) are shown at the top, together

with the respective fraction numbers.

Figure 1. PPR7 Is Localized to Chloroplast Stroma.
(A) Green fluorescent protein (GFP) import assay. Expression pattern of

GFP fused to the predicted transit peptide of PPR7 (PPR7-GFP) after

stable transformation of the UVM4 strain. The untransformed recipient

strain (UVM4) served as control. Cells were analyzed by laser scanning

confocal microscopy. The panel shows chlorophyll autofluorescence

(Auto), GFP fluorescence (GFP), the MitoTracker signal (Mito), and an

overlay of all three (Merged). Bars represent 1 mm.

(B) Immunodetection of PPR7 in cell subfractions. Aliquots (50 mg) of total

proteins (TP), chloroplast (Cp), stroma (S), crude thylakoids (cT), and

mitochondrial proteins (Mt) from wild-type cells, prepared as described in

the Methods section, were analyzed using the antibodies indicated to the

left of each panel. The alternative oxidase (AOX) and the heat-shock

protein 70B (HSP70B) served as markers for mitochondria and stroma,

respectively.
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a ribonucleoprotein (RNP) complex, size-exclusion chromatog-

raphy (SEC) of chloroplast stroma was performed, with and

without prior treatment of samples with RNase. By following the

elution pattern of PPR7, we found that it forms a part of an

HMW complex that elutes in the size range between 440 and

1000 kDa (Figure 2, upper panel, fractions 2–9). The main

peak of PPR7 was observed in fractions 4–7, which correspond
414 Molecular Plant 8, 412–426, March 2015 ª The Author 2015.
to a complex size of 500–800 kDa. In the presence of RNase,

however, the complex size was dramatically reduced to

%300 kDa (Figure 2, lower panel, fractions 10–15). These

findings thus demonstrate that PPR7 indeed forms part of an

RNP complex.

Moreover, as PPR7 has a molecular weight of only �20 kDa, the

size of the RNase-resistant complexes implies that it must asso-

ciate with other proteins (and/or with itself as an oligomer) even in

the absence of RNA. Taken together, these data show that PPR7

is a component of an HMW complex that interacts with RNA

in vivo.

PPR7 Is Associated with Multiple Chloroplast
Transcripts

To identify the RNA ligands of PPR7, the protein was immuno-

precipitated from chloroplast stroma, and co-precipitated

RNAs were subjected to a microarray-based chip hybridization,

a method that is well established for higher plants but has not

previously been applied to green algae (RIP-chip; Schmitz-

Linneweber et al., 2005). As confirmed by immunoblot analysis,

the PPR7 protein could be quantitatively precipitated from WT

stroma, whereas it was not detected in the precipitate obtained

with pre-immune serum (Figure 3A).

In parallel, RNAs were purified from the pellet and supernatant

of each immunoprecipitation and used to probe a microarray

consisting of 166 overlapping PCR products representing the

complete C. reinhardtii chloroplast genome, and 15 overlapping

PCR products representing the complete mitochondrial genome.

Intriguingly, comparison of the RIP-chip signal intensities ob-

tained for the RNAs precipitated by PPR7 antiserum and pre-

immune serum indicated that, relative to other PPR proteins,

PPR7 recognizes an unusually large number of RNAs as binding

partners. Top RNA enrichment peaks were found for protein-

encoding genes/gene clusters psbH-trnE2, rpoC2, rbcL/atpA,

cemA-atpH, atpI-psaJ, as well as DNA sequences corresponding

to the non-coding 16S and tscA RNAs in the chloroplast genome

(Figure 3B and Supplemental Table 2).

The RIP-chip data were validated by semi-quantitative RT–PCR

of RNAs purified from pellet and supernatant fractions of immu-

noprecipitations performed with pre-immune and anti-PPR7

sera as described above. cDNAs were amplified using primers



Figure 3. Association of PPR7 with Chloro-
plast Transcripts.
(A) Immunoprecipitation of PPR7. Supernatant

(S) and precipitate (P) fractions obtained from

immunoprecipitation experiments using pre-

immune serum (Pre) and PPR7-specific anti-

bodies (a PPR7) were subjected to immunoblot

analysis using a purified PPR7-specific antibody.

Aliquots (50 mg) of total cell protein (TP) were

loaded alongside the immunoprecipitation sam-

ples for identification of the native PPR7 signal.

(B) RIP-chip analysis. PPR7 was immunoprecipi-

tated as shown in (A). Co-precipitated RNA was

labeled with Cy5 and unbound RNA remaining in

the supernatant was labeled with Cy3. Labeled

RNAs were hybridized to a microarray bearing

overlapping fragments representing the entire

chloroplast genome of C. reinhardtii in a tiling

fashion. After scanning, the differential enrich-

ment ratios (FCy5:FCy3) were normalized be-

tween four independent assays using antibody

against PPR7 and four control assays using pre-immune serum. The median normalized values for replicate spots from the PPR7 immunoprecipitations

were divided by those from pre-immune controls, and are plotted according to fragment number on the C. reinhardtii organellar genome microarray.

Fragments are numbered according to chromosomal position (the first 15 fragments represent mitochondrial genes). Gaps in the graph indicate PCR

products that did not meet quality standards as defined in Schmitz-Linneweber et al. (2005). The data used to generate this figure are provided in

Supplemental Table 2. PCR product identity numbers for putative PPR7 targets according to Supplemental Table 3 are as follows: rrnS (IDs 35–37),

psbH-trnE2 (ID 70), rpoC2 (ID 103), rbcL/atpA (ID 112), cemA-atpH (ID 116), tscA (ID 122), and psaJ-atpI (ID 136).

(C) RT–PCR analysis of RNA that co-purified with PPR7. RT–PCR was performed using primer sets specific for the genes indicated to the right of each

panel. RNA used for RT–PCR was obtained from co-immunoprecipitation of PPR7 supernatant (S) and precipitate (P), using a PPR7-specific antibody

(a PPR7) as described in Methods. Pre-immune serum (Pre) was used as a control. RT+ indicates the presence and RT� the absence of reverse

transcriptase in the RT reaction to exclude amplification of contaminating DNA fragments. chlL and psbD were used as controls. PCR products were

subjected to DNA electrophoresis. The results shown are representative of three independent RT–PCRs carried out with each primer set.
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specific for all putative PPR7 targets, as well as the two control

genes chlL and psbD, which are assumed not to represent

PPR7 targets based on the RIP-chip analysis (see also

Supplemental Table 2). As shown in Figure 3C, all PCR

products resulting from amplification of potential target

sequences from the PPR7 precipitate were clearly more

abundant than those amplified from pre-immune precipitates,

whereas PCR products amplified from precipitates of both con-

trol gene sequences were equally represented. Hence, all seven

putative target RNAs were validated by this independent

approach, thereby confirming the binding of PPR7 to these

transcripts.

PPR7 Is a Multifunctional Protein Required
for Chloroplast Gene Expression

The heterogeneous nature (variousmRNAs aswell as non-coding

RNAs such as tscA and 16S rRNA) and the unusually high number

of RNA targets identified in RIP-chip analysis suggests that PPR7

has diverse functions in RNA metabolism. Unfortunately, at-

tempts to demonstrate an RNA binding activity of PPR7 in vitro

using two different versions of recombinant PPR7 consisting of

amino acids 44–221 (rPPR7-1) or 61–221 (rPPR7-2), respectively,

remained inconclusive. The binding activity detected was very

low, although thismay be related to the protein’s tendency to pre-

cipitate under the conditions employed (data not shown). Consid-

ering that the protein is predicted to consist mainly of a-helical

repeat regions, incorrect folding of rPPR7 was also indicated by

the low content of a-helical structure (23% for rPPR7-1 or

�30% for rPPR7-2) revealed by circular dichroism spectroscopy

(Supplemental Figure 3).
To elucidate PPR7’s role in chloroplast gene expression, PPR7

RNAi strains were generated. Depletion of PPR7 accumulation

was most effective in three transformants, named iPPR7-1, -2,

and -3 (Figure 4A), which exhibited residual protein levels

equivalent to �15%, �30%, and �35% of that in the recipient

strain transformed with the empty vector (hereafter called WT).

Reduction of PPR7 Levels Leads to Photosensitivity

To investigate the effect of PPR7 knockdown in these iPPR7

strains, growth tests were performed on agar plates (Figure 4B).

The PPR7-depleted strains showed no significant growth defect

undermixotrophic growth conditions inmoderate light (ML) or un-

der heterotrophic conditions in the dark (D), but their growth rates

were clearly diminished under photoautotrophic conditions, sug-

gesting a reduced ability to perform photosynthesis. In accor-

dance with the relative impact of RNAi on the accumulation of

PPR7, the strongest growth retardation was observed for strain

iPPR7-1. This strain also exhibited a photosensitive phenotype,

as its growth rate under mixotrophic conditions in higher light

(HL) was extremely low. However, strong growth retardation

was not observed when cells were grown in liquid cultures under

mixotrophic or photoautotrophic conditions in HL (Figure 4D). We

therefore assume that the pronounced light-sensitive phenotype

on plates is due to the absorption of HL energy by cells on plates

as compared with liquid cultures.

Liquid cultures grown mixotrophically in ML showed no evidence

for a photosystem II (PSII) or RbcL deficiency, as judged from

fluorescence induction kinetics. Fv/Fm was 0.80 for iPPR7-1

and iPPR7-3 and 0.78 for iPPR7-2, versus 0.80 for theWT control.
Molecular Plant 8, 412–426, March 2015 ª The Author 2015. 415



Figure 4. Growth Phenotype of iPPR7
Strains and Accumulation of Chloroplast
Proteins.
(A) PPR7 protein accumulation. Immunoblot

analysis of total soluble proteins (100 mg) isolated

from the indicated iPPR7 strains 1–3 and the wild-

type (WT) (a dilution series of the WT sample from

100% to 25% was applied to the gel) was per-

formed with PPR7-specific antiserum. HSP70B

served as loading control for stromal proteins.

(B) Phenotypic characterization of iPPR7 strains

under different growth conditions. Drop tests were

performed by spotting 20-ml aliquots of cultures

resuspended in High Salt Minimal (HSM) medium

at a density of approximately 13 106 cells/ml. The

three indicated iPPR7mutants (1–3), together with

the WT, were grown under mixotrophic (M),

photoautotrophic (P), or heterotrophic (H) condi-

tions under higher light (HL), moderate light (ML),

or in the dark (D).

(C) Electrochromic shift (ECS) measurements. PSI/

PSII ratios were measured using ECS in cultures

grown mixotrophically at 30 or 200 mE/m2/s, as

well as in cells transferred for 4 h from 30 to 100 or

150 mE/m2/s.

(D) Growth curves of iPPR7 strains. Growth rates

were determined under mixotrophic (upper panel)

or photoautotrophic (lower panel) growth condi-

tions at 100 mE/m2/s by measuring OD750. Error

bars represent standard deviation (SD) from the

mean based on results from three independent

cultures.
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Electrochromic shift (ECS) measurements performed for iPPR7-1

indicated a reduced photosystem I (PSI)/PSII ratio comparedwith

the control, which might be caused by a slight PSI deficiency.

This was observed inML aswell as in HL, or whenML-grown cells

were transferred to 100 or 150 mE/m2/s (Figure 4C). In HL

intensities, PSII activity declined similarly in control and iPPR7

strains, leading to a similar increase in PSI/PSII activity ratios.

Light sensitivity has often been described for photosynthesis-

defectivemutants, in particular for mutants in PSI, ATPase, or Ru-

bisco (e.g. Spreitzer and Mets, 1981; Majeran et al., 2001;

Sommer et al., 2003; Johnson, 2011). We therefore measured

the steady-state levels of subunits of the major chloroplast pro-

tein complexes in iPPR7 strains. As shown in Figure 5, the

relative lack of PPR7 in the three analyzed RNAi strains grown

under moderate or higher light conditions had no significant

impact on the accumulation of the ATP synthase b subunit

(AtpB), the large subunit of Rubisco (RbcL), the D2 reaction

center protein of PSII (D2), or a subunit of the cytochrome b6f

complex (Cytb6). These are central subunits of their respective

protein complexes and cannot accumulate in the absence of

their assembly partners (Choquet et al., 2001; Drapier et al.,

2007). Hence, we can conclude that the ATP synthase,

Rubisco, PSII, and cytochrome b6f complexes accumulate to

WT levels in the PPR7 RNAi strains. However, independently of

the growth conditions tested, the PSI reaction center protein

PsaA was clearly reduced in all three knockdown strains

compared with the WT recipient strain. PsaA levels were

reduced to �35% of WT in iPPR7-1, �40% iPPR7-2, and

�60% in iPPR-3, which more or less correlates with the
416 Molecular Plant 8, 412–426, March 2015 ª The Author 2015.
amount of residual PPR7 protein in these strains. The resulting

PSI deficiency could be responsible for their photosensitive

phenotype, as PSI mutants are known to be exquisitely light

sensitive (e.g. Spreitzer and Mets, 1981).
PPR7 Is Involved in the Stabilization of
Chloroplast mRNAs

To better understand PPR7’s role in chloroplast gene expression,

we set out to elucidate its function in the expression of each of the

target RNAs identified in the RIP-chip approach. To do so, we

used RNA gel-blot analysis to assess the levels of precursors

and mature transcripts of rrnS, psbH-trnE2, rpoC2, rbcL, atpA,

cemA-atpH, tscA, and psaJ-atpI in the three PPR7-deficient

RNAi strains. As at least strains iPPR7-1 and iPPR7-2 showed a

slight growth phenotype in liquid cultures when grownmixotroph-

ically under HL we chose these conditions for the RNA analysis.

However, to exclude secondary effects caused only by HL inten-

sities, we exemplarily analyzed the accumulation of selected

transcripts also under ML conditions (see below; Supplemental

Figure 4). In addition, we investigated the accumulation of three

chloroplast transcripts (psbA, psbD, and psbB), which are not

targets of PPR7 based on the RIP-chip analysis.

The analysis of the non-target mRNAs psbA, psbD, and psbB re-

vealed no altered accumulation in iPPR7 strains in comparison

with the WT. Therefore, a general defect in RNA accumulation

in these strains is unlikely (Supplemental Figure 5). However,

considering the high number of identified PPR7 target RNAs

and the slight growth retardation of iPPR7 strains in HL, we



Figure 5. Immunoblot Analysis of Representative
Photosynthesis-Related Protein Complexes in iPPR7 Strains.
Total proteins (30 mg) from iPPR7 strains 1–3 and wild-type (WT) cells

grown mixotrophically under higher (A) or moderate (B) light conditions

were probed with antibodies against individual subunits of PSI (PsaA), the

Cytb6/f complex (Cytb6), PSII (D2), Rubisco (RbcL), and the b subunit of

chloroplast ATP synthase (AtpB). HSP70B served as a loading control.
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cannot completely exclude minor secondary effects on other

chloroplast RNAs in these strains. One putative PPR7 binding

site was identified within a region that spans the 50 ends of

the rbcL gene and the atpA gene cluster, which are disposed in

opposite orientations on the chloroplast genome (Figure 6A, top

panel). To investigate the steady-state levels of rbcL transcripts,

we used a probe that detects the major 1.5-knt mRNA, as well as

a minor transcript of 2.9 knt, whose precise 50 and 30 ends are not

known (Figure 6A). Compared with the WT, the intensity of the

2.9-knt band was much decreased (to �40% of WT) in all

iPPR7 strains, suggesting that it is less stable in these strains.

However, the mature rbcL mRNA was only slightly affected in

the knockdown strains, with �85% of the WT level remaining in

the most depleted RNAi strain iPPR7-1 (Figure 6A).

Next we investigated rpoC2 transcripts that code for the b0 sub-
unit of the plastid-encoded RNA polymerase PEP. Here, the pu-

tative PPR7 binding site was identified in the central part of the

coding region (Figure 6B, upper panel). As shown in Figure 6B

(middle and bottom panels), RNA blot analysis revealed a low-

abundance transcript of �9 knt, which corresponds to the size

of the rpoC2 gene in the chloroplast genome. This mRNA was

reduced in all three iPPR7 strains to �75%–85% of the WT level,

suggesting a stabilizing effect of the PPR7 protein on rpoC2 tran-

scripts also. A comparable reduction of this transcript was also

observed when strains were grown under ML conditions, which

indicates that the reduced transcript accumulation is not caused

by secondary effects in HL (Supplemental Figure 4A).

A further putative binding site for PPR7 was identified in a region

covering the psbH gene and the downstream trnE2 gene. How-

ever, no hit was obtained for the downstream PCR product in

the RIP-chip analysis, which encompasses the complete trnE2

gene as well as 85 bp upstream of the mature tRNA (ID 69,
Supplemental Table 2), suggesting that trnE2 is not a target of

PPR7. The psbH gene is part of the psbB-psbT-psbH gene

cluster and codes for a small thylakoid membrane protein

(PsbH) that is associated with light-dependent control of PSII ac-

tivity in C. reinhardtii (Johnson and Schmidt, 1993; O’Connor

et al., 1998). On the RNA gel blot (Figure 6C, top panel), a

probe covering the coding region of psbH gene detected

transcripts with sizes of 0.9, 0.8, 0.5, and 0.4 knt (Figure 6C,

top and middle panels), which have previously been reported to

share the same 50 end and differ in the lengths of their 30 UTRs
(Johnson and Schmidt, 1993). All four transcripts were slightly

but reproducibly reduced in the three iPPR7 strains in

comparison with the WT, with the most pronounced effect

again being observed in strain iPPR7-1 (Figure 6C, middle and

bottom panels). As the upstream PCR product covering the

psbH 50 UTR gave no comparable signal in the RIP-chip analysis,

we assume that stabilization of themonocistronic psbH transcript

is mediated via PPR7’s association with the psbH CDS or its

immediately adjacent 30 region.

Taken together, these effects on steady-state levels of the long

rbcL transcript, the rpoC2 transcript, and the monocistronic

psbH transcripts in PPR7-depleted strains suggest that PPR7

contributes, albeit marginally, to the stabilization or production

of these transcripts.
PPR7 Is Involved in the Processing of
Chloroplast mRNAs

Another potential PPR7 binding site was identified in association

with the atpI and psaJ intergenic region in the psbJ-atpI-psaJ-

rps12 gene cluster (Figure 7A, upper panel). The proteins

encoded by these co-transcribed genes are PsbJ, a PSII reaction

center protein, subunit IV of the ATPase, the PSI reaction center

subunit PsaJ, and the ribosomal protein S12, respectively.

To investigate the role of PPR7 in the expression of this polycis-

tronic transcript, RNA gel-blot analysis was performed using a

probe covering the 30 region of the atpI coding sequence, the in-

tergenic region of atpI-psaJ, and the coding region of psaJ. We

observed a complex transcript pattern, as has been reported

before (Figure 7A; Liu et al., 1989; Rymarquis et al., 2006).

Unfortunately, the precise identity of all of the detected

transcripts has not yet been defined. However, we did detect a

slightly increased accumulation of the 2.9-knt tetracistronic spe-

cies (transcript a in Figure 7A) in the RNAi strains relative to

the WT, and a decrease in levels of the processed transcripts

(b, c, d), with the most pronounced effect being seen in strains

iPPR7-1 and iPPR7-2. This suggests a potential function of

PPR7 in the maturation of psbJ-atpI-psaJ-rps12 transcripts.

Furthermore, the reduction of mature psaJ mRNA may

contribute to the observed light sensitivity of iPPR7-1 and

iPPR7-2 stated above. According to Fischer et al. (1999), a

deletion of the psaJ gene leads to reduced PSI efficiency

caused by the compromised capability of PSI to oxidize Cytb6/

plastocyanin.

The atpA gene cluster in the C. reinhardtii chloroplast genome

consists of the genes atpA, psbI, cemA, and atpH, which code

for the a subunit of the ATP synthase, a small PSII subunit, a pu-

tative envelope membrane protein involved in inorganic carbon
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Figure 6. PPR7 Is Involved in the Stabilization of Specific Chloroplast mRNAs.
RNA gel-blot analysis of rbcL (A), rpoC2 (B), and psbH-trnE (C) transcripts. Schematic diagrams of the respective genes in the chloroplast genome are

shown in the upper panels. The open boxes represent the genes. Genes above the line are transcribed from left to right, genes below the line from right to

left. The PPR7 binding fragments identified by RIP-chip analysis are indicated as gray boxes above the models. Positions of probes used for RNA blot

analysis are indicated as gray bars below the models. Transcripts and their respective sizes according to Johnson and Schmidt (1993) for psbH, and

according to Johnson et al. (2010) for rbcL, are indicated by black arrows. The identity of the 2.9-knt rbcL transcript (a) observed in this study is un-

known and is therefore not depicted in the scheme. Mapped promoters for the psbB cluster (Monod et al., 1992) and the rbcL cluster (Salvador et al.,

1993) are represented by bent arrows. Middle panels: For RNA blot analysis using the probes indicated in the corresponding upper panels, 10-mg

aliquots of total cellular RNA extracted from WT and iPPR7 strains 1–3 grown mixotrophically at HL were used for the detection of psbH and rpoC2

transcripts. For the detection of the rbcL precursor (A, left panel) and mature transcripts (A, right panel) 5 mg or 200 ng of RNA were used,

respectively, to obtain quantifiable signals from the highly abundant mature rbcL transcript. The ethidium bromide-stained gels displaying the 25S

rRNAs are shown as loading controls (25S). The positions of RNA size markers (sizes are given in kilonucleotides) are indicated to the left of each blot.

Lower panels: Quantification of signal intensities. The hybridization signals were normalized to the respective signals for 25S rRNA and theWT signal was

set to 100%. Error bars represent SDs from three independent experiments.
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uptake, and subunit III of the chloroplast ATP synthase, respec-

tively (Drapier et al., 1998; Figure 7B, upper panel). The RIP-

chip analysis detected two hits within this gene cluster: the first

overlaps the 50 region of atpA (see above) and the second covers

the 30 region of cemA and the entire coding region of atpH

(Figure 7B, upper panel). For transcript analysis we designed

two probes. Probe P1 was derived from the 50 UTR of atpA and

detected the monocistronic atpA, the dicistronic atpA-psbI, the

tricistronic atpA-psbI-cemA, and the tetracistronic atpA-psbI-

cemA-atpH transcripts (Figure 7B, left panels), whereas probe

P2 extended from the 30 end of cemA to the 30 end of atpH and

detected the unprocessed tetracistronic RNA, as well as the

tricistronic psbI-cemA-atpH and monocistronic atpH transcripts

(Figure 7B, right panels).
Whereas mutants iPPR7-2 and iPPR7-3 revealed only negligible

alterations in the accumulation of all the transcripts analyzed,
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we observed that the tricistronic (4.6 knt) and tetracistronic

(5.3 knt) species were present in higher abundance (�130%–

140% compared with the WT) in iPPR7-1, the strain most effec-

tively depleted of PPR7. This result, together with the presence

of two putative PPR7 binding sites within the tetracistronic

RNA, suggests that PPR7 is also involved in the processing of

the polycistronic atpA transcripts. Note that, even though the pre-

cursors over-accumulated in iPPR7-1, we observed at most a

slight reduction in levels of the much more abundant, processed

monocistronic and dicistronic transcripts. This indicates that

PPR7 depletion impairs processing only partially and does not

destabilize the mature transcripts.

PPR7 Is Involved in Processing of Chloroplast 16S rRNA
and Accumulation of the Non-Coding tscA RNA

Several signals obtained in the RIP-chip analysis suggested the

presence of putative PPR7 binding sites in non-coding RNAs.



Figure 7. PPR7 Is Involved in the Processing of Certain Chloroplast mRNAs.
RNA blot analysis of atpI-psaJ (A) and atpA-psbI-cemA-atpH (B) transcripts of cells grown mixotrophically under higher light conditions. Labeling and

quantification methods are described in Figure 6. Promoter position and respective sizes of transcripts for the psaJ-atpI cluster and the approximate

position of the promoter upstream of psbJ are given according to Liu et al. (1989) and Rymarquis et al. (2006), respectively, and for the atpA-psbI-

cemA-atpH cluster according to Drapier et al. (1998). For the hybridization shown in (A), 10-mg aliquots of total cellular RNA were used; for the

hybridization shown in (B), 2 mg (left) and 10 mg (right) of total cellular RNA was used. The upper portions of both blots are extended exposures of the

same blots to visualize signals for the low-abundance polycistronic transcripts (a, b, and e).

A Multifunctional Algal PPR Protein Molecular Plant
As depicted in Figure 8A (upper panel), we obtained three

consecutive hits in the rrnS region encoding the 16S ribosomal

RNA (rRNA). The 16S rRNA gene is part of the rrn operon

consisting of genes encoding 16S, 7S, 3S, 23S, and 5S rRNAs,

as well as two tRNAs (trnI and trnA). To analyze the size,

composition, and relative abundance of transcripts from this

cluster in iPPR7 strains, RNA gel-blot analysis was performed

using three different probes as indicated in Figure 8A. The first

probe, located upstream of the 50 end of rrnS (P1), labeled

an HMW precursor transcript of �7.3 knt (transcript a)

corresponding to the entire stretch from 16S to 5S (Figure 8A,

left panel). The relative abundance of this large precursor

(transcript a) was found to be increased in all iPPR7 strains, by

�70% compared with the WT level in iPPR7-1, and by �20% in

iPPR7-2 and iPPR7-3. Conversely, the partially processed 16S

transcript (transcript b) was underrepresented, attaining only
�70% of its level in WT. A similar transcript pattern using the

same probe was detected also under ML conditions as

described before for the rpoC2 transcript (Supplemental

Figure 4B). However, detection of the mature 16S rRNA

(transcript c) with probe P2 revealed no obvious differences

between iPPR7 strains and the WT (Figure 8A, middle panel),

which might be explained by the accumulation of the extremely

stable 16S rRNA.

A third probe (P3) located in the intron region of the rrnL gene

(23S) confirmed the increased abundance of the large precursor

RNA (transcript a) seen with probe P1 in iPPR7 strains

(Figure 8A, right panels). In addition, probe P3 revealed reduced

accumulation of the partially processed 3.8-knt transcript con-

sisting of 7S, 3S, 23S, and 5S rRNAs (transcript d), as well as of

the spliced intron sequence of 0.9 knt (transcript e), to �80% or
Molecular Plant 8, 412–426, March 2015 ª The Author 2015. 419



Figure 8. PPR7 Is Involved in Processing of Chloroplast 16S rRNA and Accumulation of the Non-Coding tscA RNA.
RNA blot analysis of the 16S rRNA (A) and the non-coding RNA tscA (B) of cells grown mixotrophically under higher light conditions. Labeling and

quantification are described in Figure 6. Promoter position and respective sizes of transcripts for the rrnS cluster are given according to Holloway and

Herrin (1998) and for tscA according to Goldschmidt-Clermont et al. (1991). Two low-abundance transcripts of 5.3 and 2.8 knt described by Hahn et al.

(1998) representing tscA-chlN co-transcripts are indicated, but were not detectable under the conditions employed here. For the hybridization shown in

(A), 10 mg of RNA was used for blots probed with P1 and P3, while 1 mg RNA was used for the blot probed with P2. The upper portion of the blot probed

with P3 is an extended exposure to visualize the precursor transcript. For the detection of tscA RNA, 5 mg of RNA was used.
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60% of the WT level, respectively. Taken together, the data ob-

tained for the rrnS gene cluster suggest a role of PPR7 in the

maturation of the rRNA precursor transcript. Based on the RIP-

chip analysis, the PPR7 binding site is proposed to lie in the

16S region, and the effect of PPR7 depletion on the maturation

of the downstream 23S rRNA precursor is probably indirect and

caused by disruption of the normal temporal sequence of pro-

cessing events or defects in ribosome assembly. To investigate

if this causes a general defect in protein synthesis, 14C-pulse la-

beling experiments were performed, which mainly detect highly

synthesized PSII subunits (Supplemental Figure 6). None of

these proteins was synthesized at lower rates in iPPR7 strains

compared with the WT, indicating that protein synthesis in

PPR7-depleted strains is not generally affected.

The psaA gene of C. reinhardtii is composed of three exons

located at different positions in the chloroplast genome, which

are transcribed as separate precursors (reviewed in Rochaix,

1996). These precursors come together, and the two group II

introns between exons 1 and 2 and exons 2 and 3 are trans-

spliced to generate the mature psaA mRNA. Interestingly, intron
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1 is formed by three components consisting of the precursors

of exons 1 and 2, and the short non-coding RNA tscA, which is

co-transcribed with chlN and then processed to yield a 450-nt

mature form (Goldschmidt-Clermont et al., 1991). As part of the

tripartite intron 1, tscA is necessary for trans-splicing of the

psaA pre-transcript (reviewed in Jacobs et al., 2010). RIP-chip

analysis identified the tscA RNA as a putative target of PPR7,

and subsequent RNA gel-blot analysis revealed that the mature

tscA transcript was reduced to �60%–75% of the WT level in

iPPR7 strains (Figure 8B). No significant accumulation of the

RNA precursors previously identified by Hahn et al. (1998) was

observed under these growth conditions. Interestingly, these

precursors accumulated to a higher extent in iPPR7 strains

compared with the WT when cells were grown mixotrophically

in ML, while the mature tscA RNA displayed a reduction similar

to that observed under HL (Supplemental Figure 4C), so that

PPR7 appears to be involved in the stabilization and/or

processing of the tscA-chlN transcript. As a reduction of tscA

RNA might directly influence the formation of the trans-splicing

intermediates, we further investigated the accumulation of psaA

mRNAs using probes specific for exons 1, 2, and 3,



Figure 9. Reduced Accumulation of psaA Transcripts.
(A) RNA blot analysis of psaA transcripts from cells grown mixotrophically

under higher light conditions. Used probes are specific for exon 1 (left

panel), exon 2 (middle panel), and exon 3 (right panel), respectively. For

hybridization, 5 mg of total cellular RNA was loaded per lane. The upper

portions of exon 2 and exon 3 blots are extended exposures of the same

blots to visualize signals for the low-abundance precursor transcripts. The

mature 2.8-knt psaA transcripts detected with all probes are labeled with

arrowheads; distinct precursor transcripts are marked with asterisks. An

overview of psaA trans-splicing events is depicted, for example, in Glanz

et al. (2012).

(B)Quantitation of mature 2.8-knt psaA transcripts in iPPR7 strains shown

in (A). Labeling and quantification are as described in Figure 6.
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respectively (Figure 9). All probes revealed a decrease in

accumulation of the mature 2.8-knt psaA transcripts in iPPR7

strains, down to�70% of theWT level, while processing interme-

diates appeared slightly increased. This suggests an indirect role

for PPR7 in the accumulation of psaA transcripts, via its effect on

tscA, and is compatible with the observed decrease in levels of

the PsaA protein in iPPR7 strains (see Figure 5).

DISCUSSION

In this study, we analyzed the molecular function of the small

PPR7 protein from C. reinhardtii. PPR7 resides in the chloroplast

stroma, and is a component of an HMW RNase-sensitive com-

plex. Unlike other PPR proteins, which generally appear to target

one or very fewRNA species, RIP-chip analysis of co-precipitated

RNAs indicates that PPR7 interacts with an unusually high num-

ber of different chloroplast transcripts.

Interestingly, the investigation of PPR7 knockdown strains sug-

gests that the protein plays multiple roles in the expression of

these RNAs. First, PPR7 seems to contribute to the stabilization

of rbcL, rpoC2, psbH, and tscA transcripts. Binding sites for

RNA stability factors usually lie in the 50 or 30 UTRs of their targets,
where they act as barriers to the progression of exonucleases,

but the resolution of our RIP-chip analysis does not allow us to
determine whether this is true also for PPR7. Remarkably, the pu-

tative PPR7 binding site on the rpoC2 transcript is located within

the intron-less coding region, which may imply that binding of

PPR7 stabilizes this transcript by protecting an endonuclease-

sensitive site.

As a second general function of PPR7, we suggest its involve-

ment in the maturation of polycistronic mRNAs (psbJ and atpA

gene clusters) as well as of 16S rRNA. In these cases, we

observed abnormal accumulation of polycistronic transcripts

often at the expense of processed forms in PPR7-depleted

strains, but the specific role of the protein in RNA maturation re-

mains unclear. It might recruit certain endonucleases or modify

the structure of its targets to unmask a nuclease-sensitive

sequence, as has been proposed for other PPR proteins (re-

viewed in Barkan and Small, 2014). High-resolution mapping of

PPR7’s binding sites and detailed RNA binding studies will be

required to further elucidate its precise molecular impact on the

identified target RNAs.

In all cases described above, transcript accumulation is only

moderately affected in iPPR7 strains. While this might be attri-

butable to the presence of residual PPR7 protein, it could also

indicate that PPR7 is only one of several protein factors that

contribute to the stabilization of these transcripts. Other RNA

binding proteins acting on the same transcripts could thus

compensate for the absence of PPR7. At least in the case of

rbcL and the psbB/T/H transcription unit, the factors MRL1 and

MBB1, respectively, have been reported to be necessary for their

stable accumulation (see above). Unfortunately, we were unable

to identify PPR7 knockdown strains with less than 15% of theWT

level. This may indicate the importance of PPR7 for cell survival,

which would be compatible with the essential functions of some

of PPR7’s targets, e.g. the 16S rRNA or the b0 subunit of the
essential plastid RNA polymerase (Rochaix, 1995; Fischer et al.,

1996). This idea is further supported by our inability to identify a

PPR7 knockout mutant in an indexed library of C. reinhardtii

insertional mutants (Gonzalez-Ballester et al., 2011; A.V. Bohne,

A. Grossman, and J. Nickelsen, unpublished data). PPR7 is the

most heavily expressed PPR gene in Chlamydomonas, which

also suggests an essential role for its product.

The relatively broad range of PPR7 targets is not surprising when

one considers that it contains only four PPR repeats. According to

the predicted PPR code, which suggests that each PPR repeat

recognizes one nucleotide, Chlamydomonas PPR7 would recog-

nize at best four nucleotides of its target RNAs. Nevertheless,

PPR7 shows some specificity for certain RNA targets and does

not bind randomly to RNA, which leads us to assume that other

proteins found with PPR7 in large RNP complexes (see Figure 2)

confer further binding specificity. The positively charged

C-terminal tail of PPR7 might also enhance binding to negatively

charged RNA molecules (see Supplemental Figure 1).

So far, the recognition of three or more different RNA targets has

been only described for certain PPRproteins involved in RNA edit-

ing (e.g. Hammani et al., 2009; Kim et al., 2009; Zehrmann et al.,

2009). Often the specifically recognized sequences upstream of

the respective editing sites are only partially or barely conserved,

so the reason for a precise target recognition mechanism

remains to be resolved. It was proposed that editing factors can
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discriminate between purines and pyrimidines and that only

certain specific nucleotides in the cis-acting elements are

sufficient for high-affinity binding of a PPR protein (Hammani

et al., 2009; Okuda and Shikanai, 2012). However, the specificity

of these editing factors for multiple transcripts is most likely

guaranteed by numerous PPR repeats while the RNA targeting

mechanism of PPR7 should be clearly different.

Recently a novel PPR subfamily, the THA8 family, was described

in higher plants, whose members are also very small and pos-

sess only four PPR motifs (Khrouchtchova et al., 2012). THA8

from maize, in contrast to PPRs investigated so far, exhibits

only weak RNA binding activity and no specificity in vitro.

Nevertheless, the protein specifically recognizes only two group II

introns of ycf3-2 and trnA transcripts in vivo, which also suggests

that determinants for specific recognition of the two target

RNAs are not provided directly by THA8 (Khrouchtchova et al.,

2012). Note, however, that PPR7 and THA8 are not orthologous

and thatPPR7 is truly specific togreenalgae (Tourasseet al., 2013).

Interestingly, the same analysis revealed that the average num-

ber of repeats per PPR protein is in general lower in algae than in

higher plants (7.7 versus 12.5). This indicates a generally lower

specificity of these proteins based on the proposed recognition

mechanism of RNA ligands described above. Because many of

the functions of PPR proteins require tight binding to their RNA

targets for the specificity, they would require a large number of

highly specific proteins (there are 450 PPRs in Arabidopsis). It

is clear that, if they acted by themselves, the 14 PPR proteins

of C. reinhardtii could not control organellar mRNA metabolism

in a gene-specific manner. In Chlamydomonas, the scarcity of

PPRs might be compensated by the presence of other RNA

binding proteins belonging to different repeat protein families

such as the tetratricopeptide repeat (TPR) and, even more

so, the many representatives of the octotricopeptide repeat

(OPR) proteins (Boudreau et al., 2000; Eberhard et al., 2011;

Rahire et al., 2012; Kleinknecht et al., 2014). In these families

as well, it is likely that other cases will be reported of proteins

with broader target specificity than is usually described.

Historically, forward genetic studies focusing on mutants with

highly specific phenotypes have led to the notion that target

binding must be gene specific. The diverse functions of PPR7

identified in this study, and the observation that a substantial

decrease in PPR7 level only mildly perturbs the stability or

processing of its targets together point to another theme that

may become more prominent as reverse genetic studies

develop: broad specificity, multifunctionality, and cooperation

within a network of interacting RNA stability, maturation, and

translation factors.

METHODS

Algal Strains and Culture Conditions

Algal strains were grown at 23�C in Tris–acetate–phosphate medium

under moderate (ML, 30 mE/m2/s) or higher (HL, 100 mE/m2/s) light or

in darkness (D) (Gorman and Levine, 1965). Liquid cultures were

supplemented with 1% sorbitol. For photoautotrophic growth, cells

were cultured in high-salt minimal medium HSM (Sager and Granick,

1953). As the WT C. reinhardtii strain, we used the cell-wall-deficient

strain CC406. For green fluorescent protein (GFP) import studies and

the generation of RNAi strains, the expression strain UVM4 (Neupert

et al., 2009) was used.
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GFP Import Studies

Cloning, selection of transformants, and GFP import studies were essen-

tially performed as described in Bohne et al. (2013). For expression of a

PPR7-GFP fusion protein, the coding sequence of the N-terminal amino

acids 1–72, including the transit peptide predictedbyChloroP (http://www.

cbs.dtu.dk/services/ChloroP/; Emanuelsson et al., 1999), was PCR-

amplified from cDNA with the primer pair PPR7 TP Fw/PPR7 TP Rv

(Supplemental Table 3) introducing 50 and 30 NdeI sites. The NdeI

fragment was then inserted into pBC1-CrGFP (pJR38, Neupert et al.,

2009) to generate pBC1-TP-PPR7-CrGFP. This constructwas transformed

into UVM4, and positive transformants were analyzed by laser scanning

confocal fluorescence microscopy. As a control, the pBC1-CrGFP vector

was directly transformed into UVM4 for cytosolic GFP expression. Mito-

chondria were stained with MitoTracker Red CMXRos (Molecular Probes).

Production of Antiserum against PPR7

A PPR7 DNA sequence encoding the C-terminal amino acids 166–

220 was PCR-amplified from cDNA using the primer pair PPR7fw/rev

(Supplemental Table 3). The PCR product was inserted into the

expression vector pGEX4T1 (GE Healthcare) via primer-introduced

BamHI and XhoI restriction sites, overexpressed in Escherichia coli

BL21 cells, and purified according to the manufacturer’s protocol using

glutathione-Sepharose 4B (GE Healthcare). A polyclonal antiserum was

produced by immunizing rabbits with the purified GST-tagged protein

(Biogenes). Crude antiserum was affinity purified by binding to Western

blots, and eluting the antibodies from the target band with glycine buffer

(0.1 M glycine–HCl, pH 2.7). The acidic solution was then neutralized

by adding 1/10 volume of 1 M Tris–HCl, pH 8. To stabilize the antibody,

sodium azide and bovine serum albumin were added to a final concentra-

tion of 5 mM and 1 mg/ml, respectively.

RNA Preparation and RNA Blot Analysis

Liquid cultures of C. reinhardtii strains under investigation were grown

in the light (100 mE/m2/s) and harvested at early log phase (�1 3 106 to

2 3 106 cells/ml) by centrifugation at 1100 g and 4�C for 6 min. Total

RNA was extracted using TRI reagent (Sigma), according to the manufac-

turer’s instructions. RNAs were subjected to Northern blot analysis using

standard methods. Digoxigenin-labeled DNA probes were generated by

PCR using primers listed in Supplemental Table 3.

Protein Preparations

For isolation of total protein extracts, cells were grown in TAPSmedium to

a density of�23 106 to 33 106 cells/ml, harvested as before, and resus-

pended in 23 lysis buffer (120 mM KCl, 0.4 mM EDTA, 20 mM Tricine pH

7.8, 5 mM b-mercaptoethanol, 0.2% Triton X-100, and Roche Complete

Mini protease inhibitors).

For isolation of soluble proteins, cell pellets were resuspended in hypoton-

ic solution (10mM Tricine/KOH pH 7.8, 10mMEDTA, 5mM b-mercaptoe-

thanol, and Roche Complete Mini protease inhibitors) and lysed by

sonication. Insoluble material was pelleted by centrifugation (10 000 g,

4�C, 10 min), and the supernatant served as the soluble protein extract.

For the preparation of chloroplast proteins, chloroplasts were isolated

from a cell wall-deficient WT strain (cw15) on a discontinuous Percoll

gradient as described by Zerges and Rochaix (1998). To obtain total

chloroplast proteins, chloroplasts were lysed directly in breaking buffer

(120 mM KCl, 0.4 mM EDTA, 20 mM Tricine pH 7.8, 5 mM

b-mercaptoethanol, 0.2% Triton X-100, and Roche Complete Mini

protease inhibitors).

Fractionation of chloroplasts into stroma and thylakoid fractions was

carried out as described by Ossenbühl and Nickelsen (2000). In

brief, the pelleted chloroplasts were osmotically lysed in reducing

hypotonic buffer (10 mM Tricine/KOH pH 7.8, 10 mM EDTA, 5 mM

b-mercaptoethanol, and Roche Complete Mini protease inhibitors), and

http://www.cbs.dtu.dk/services/ChloroP/
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insoluble material was removed by ultracentrifugation through a 1 M

sucrose cushion for 30 min at 100 000 g. The supernatant obtained

served as the stromal fraction and the pellet as the crude thylakoid

fraction for immunoblot analysis. For SEC and co-immunoprecipitation

experiments, chloroplasts were lysed in non-reducing hypotonic buffer.

For isolation of mitochondrial proteins, mitochondria were isolated from

the cw15 strain as described by Eriksson et al. (1995). Purified

mitochondria were disrupted by sonication and subjected to

immunoblot analysis.

SEC of Stromal Proteins

SEC was carried out essentially as described by Bohne et al. (2013).

Stromal extracts were concentrated in 3-kDa-cutoff Amicon Ultra filtration

devices (Millipore), with or without 400 U RNase One/mg protein (Prom-

ega). Samples were loaded through an SW guard column onto a 2.15 3

30-cm G4000SW column (Tosoh), and elution was performed at 4�C
with SEC buffer (50 mM KCl, 5 mM MgCl2, 5 mM ε-aminocaproic acid,

and 20 mM Tricine/KOH pH 7.5) at a flow rate of 2 ml/min. The eluted frac-

tions obtained were further concentrated to about 70 ml using 10-kDa-cut-

off Amicon Ultra devices (Millipore), and aliquots of each fraction were

subjected to immunoblotting.

SDS–PAGE and Immunoblot Analysis

SDS–PAGE and immunoblot analysis were performed using standard

procedures. Protein concentrations were determined using the Bradford

(C. Roth) assay following the manufacturer’s instructions.

Microarray Design and Hybridization of Co-
Immunoprecipitated RNA to Gene Chips

For co-immunoprecipitation of RNA associated with PPR7 protein, stro-

mal extracts were prepared as described above in the presence of

0.5 mg/ml yeast tRNA and 250 U/ml RNase inhibitor (Fermentas). PPR7

antibody was incubated with stroma for 45 min, followed by a 30-min

incubation with 50 ml of Dynabead-coupled protein G (Invitrogen) that

had been pre-equilibrated with co-immunoprecipitation buffer (150 mM

NaCl, 20 mM Tris–HCl pH 7.5, 10 mM MgCl2, and 0.5% [v/v] Nonidet

P-40). An aliquot (1/10 volume) of supernatant stromawas taken for immu-

noblot analysis and the rest was used for RNA extraction. The beads were

washed five times with co-immunoprecipitation buffer (+5 mg/ml aprotinin

and 400 U/ml RNase inhibitor [Fermentas]) and resuspended in 180 ml of

the same buffer. RNA was extracted by the phenol/chloroform method

from supernatant and beads after the addition of SDS to 0.5%.

Labeling of RNA that co-purified with PPR7 was carried out as described

previously (Schmitz-Linneweber et al., 2005) using the ULS labeling

kit (Kreatech). A microarray was designed with 166 overlapping PCR

fragments representing the complete C. reinhardtii chloroplast genome

and 15 overlapping PCR fragments representing the complete

mitochondrial genome. Total DNA extracted from C. reinhardtii cells

served as the template for PCRs. PCR product positions and primers

used for amplification are listed in Supplemental Table 2. PCR products

were numbered (ID) according to their positions in the C. reinhardtii

chloroplast and mitochondrial genome sequences (accession numbers

BK000554 for chloroplast and U03843 for mitochondrial probes).

Each product was spotted in multiple copies using an Omnigrid Accent

spotting device (GeneMachines). For each microarray slide, PCR

products were spotted in two areas. In area A, 12 replicates per PCR

product were spotted, whereas in area B only 6 replicates were spotted.

Area A was hybridized with RNA from immunoprecipitations using

a-PPR7 antibody, whereas area B was hybridized with RNA from

parallel immunoprecipitations using pre-immune serum as control. This

parallel processing of experiment and control allowed maximum compa-

rability during hybridization and subsequent washings. RNA labeling, hy-

bridization of RNA to the C. reinhardtii chloroplast microarray, and data

analysis were carried out as reported previously, using a Scanarray Gx
microarray scanner (Perkin Elmer) and the Genepix Pro 6.0 analysis

software (Axon; Schmitz-Linneweber et al., 2005). We performed four

replicate RIP-chip experiments for both the immunoprecipitation of

PPR7 and the mock control precipitation using pre-immune serum.

cDNA Synthesis and RT–PCR

Reverse transcription (RT) was performed with 100–500 ng of RNA co-

immunoprecipitated with PPR7 as described above, using MonsterScript

Reverse Transcriptase (Epicentre) and gene-specific primers according to

the supplier’s instructions. RNase-free DNase I (Promega) was used to

remove DNA prior to RT–PCRs. For semi-quantitative RT–PCR, 20 cycles

were used to amplify specific sequences. All primers used are listed in

Supplemental Table 3.

Generation of PPR7 RNAi Strains

RNAi strains were generated by the method of Rohr et al. (2004), and

selected and cultured as described by Bohne et al. (2013). Sequences

of primer pairs iPPR7-400a/iPPR7-400b and iPPR7-400a/iPPR7-600c

used for cloning inverted repeats into the EcoRI site of the NE537 vector

(Rohr et al., 2004) are listed in Supplemental Table 3. To generate the

control strain, the empty NE537 vector was transformed into UVM4.

Spectroscopy and Fluorescence Measurements

The JTS-10 spectrophotometer (Biologic, Grenoble, France) was used for

in vivo spectroscopy measurement. Cells grown in 100 ml TAP were har-

vested in the mid-exponential phase and resuspended in 2 ml HEPES

(20 mM, pH 7.2) containing 20% (w/w) Ficoll. They were kept in the dark

with vigorous shaking for 20 min before measurements. Fluorescence

was excited with a green LED (520 nm) and measured in the near far

red. Fv/Fm was calculated as the average over six experiments at various

light intensities. PSI/PSII ratios were evaluated from the amplitude

of the ECS signal measured in the presence or absence of the PSII inhib-

itors DCMU (20 mM) and hydroxylamine (1 mM) according to Joliot and

Delosme (1974).
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