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Abstract P67, a new protein binding to a specific RNA probe,
was purified from radish seedlings [Echeverria, M. and Lahmy,
S. (1995) Nucleic Acids Res. 23, 4963-4970]. Amino acid
sequence information obtained from P67 microsequencing
allowed the isolation of genes encoding P67 in radish and
Arabidopsis thaliana. Immunolocalisation experiments in trans-
fected protoplasts demonstrated that this protein is addressed to
the chloroplast. The RNA-binding activity of recombinant P67
was found to be similar to that of the native protein. A significant
similarity with the maize protein CRP1 [Fisk, D.G., Walker,
M.B. and Barkan, A. (1999) EMBO J. 18, 2621-2630] suggests
that P67 belongs to the PPR family and could be involved in
chloroplast RNA processing. © 2000 Federation of European
Biochemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

Regulation of RNA processing and translation play a ma-
jor role in the selective control of both nuclear and organellar
gene expression in higher plants. This has led to a growing
interest in the identification of RNA-protein interactions that
control these events. Many genetic and biochemical studies
reveal the complexity and diversity of RNA-protein interac-
tions. Specific interactions are dependent on different RNA
structural elements. Their complexity is further increased by
the presence within a single protein of different domains that
cooperate to achieve specific RNA—protein interactions [3,4].
A general observation is that RNA-binding proteins often
belong to large ribonucleoprotein complexes implicated in dif-
ferent RNA processing events.

In plants, many genes and cDNA encoding putative RNA-
binding proteins have been identified by similarity to verte-
brate or yeast proteins. Several classes of RNA-binding pro-
teins have been described based on conserved RNA-binding
motifs [5,6]. The majority of the plant RNA-binding proteins
correspond to the RRM class [7,8] but putative DEAD-box
RNA helicases have also been identified [9,10]. However, nat-
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Abbreviations: PPR motif, pentatricopeptide motif; RRM, RNA rec-
ognition motif; rRNA, ribosomal RNA; EMSA, electrophoretic mo-
bility shift assay; aa, amino acid; bZIP, basic leucine zipper

ural RNA substrates and functions are not known for most of
these proteins [8].

We report here the cloning of a nuclear gene encoding a
protein of 67 kDa previously isolated from radish and Arabi-
dopsis thaliana using a pre-rRNA-binding assay and initially
called NFC [1]. We demonstrated that P67 is an RNA-binding
protein located in the chloroplast. It shows significant similar-
ity to CRP1, a maize protein implicated in the processing and
translation of specific chloroplast messenger RNAs [2,11].
CRP1 belongs to the so-called PPR family [12]. This suggests
that P67 could be involved in the regulation of chloroplast
RNA processing or translation.

2. Materials and methods

2.1. Plant material

Four day old radish seedlings (Vilmorin, National Rond rose a
bout blanc) were used for protein purification. 4. thaliana (Columbia
ecotype) was used for other experiments.

2.2. Purification of P67/P60 and protein sequencing

Proteins P67 and P60 were extracted from radish seedlings and
purified according to the published protocol [1]. The peak of P67/
P60 RNA-binding activity was eluted by step on poly (U) Sepharose
and represents the most purified P67/P60 fraction. The RNA-binding
activity was followed by EMSA with an RNA probe. Ten pg of pure
P67/P60 protein (obtained from 3.5 kg of homogenised tissue) were
used for protein sequencing. After preparative electrophoresis, pro-
teins were excised and prepared for in situ proteolysis according to
Rosenfeld [13]. Resulting peptides were isolated by reverse phase
HPLC on a C8 column (2X 100 mm) eluted by an acetonitrile gra-
dient in 0.1% trifluoroacetic. After a second purification on a C18
column, peptides were sequenced on a Procise sequencer (Perkin-El-
mer, Foster City, CA, USA) using the manufacturer’s pulsed liquid
program.

2.3. Isolation of P67 genes

To clone the radish gene, degenerate primers derived from the P67
peptide sequences were used for PCR amplification on radish genomic
DNA. Sequencing of the product allowed us to obtain the complete
genomic sequence encoding P67 in radish by a PCR walking strategy
[14]. Nested primers at the 5’ and 3’ ends of the fragment were used in
combination with nested primers of the adapters for PCR amplifica-
tion. The contig sequences were analysed and assembled using Se-
quencher (Genes Codes Corporation, Ann Arbor, MI, USA). Based
on the sequence of the 5’ and 3’ regions flanking the radish P67 ORF,
the full genomic sequence was amplified by PCR and cloned into the
PCRscript plasmid (Stratagene). All plasmids were sequenced using
the Prism Ready Reaction DyeDeoxy Terminator Cycle Sequencing
kit and an ABI 373A automated DNA-sequencing apparatus (Applied
Biosystems).

2.4. RT-PCR
Total RNA was isolated according to Kay et al. [15]. It was
DNAse-treated (1 h, 37°C, RQ1-DNAse, Promega) to avoid genomic
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DNA contamination. 2.5 ug of total Arabidopsis RNA from different
tissues were reverse-transcribed using RT-PCR kit (Stratagene). Ali-
quots of RNAs without reverse transcriptase were used as a control.
One pul was used as a template in the subsequent PCR reaction. P67-
5":5'-TCCAGAAACCTTCTCCAAGC-3' and P67-3":5'-
CCAATTGGGAGTAAAGCCATTGG-3" were used for the amplifi-
cation of P67. Actin mRNA (accession number U41998) was simulta-
neously amplified as a control.

2.5. Expression in Escherichia coli

The full-length P67 cDNA was amplified by PCR and sub-cloned
into Ndel/BamHI sites of the E. coli expression plasmid pET-16b
vector (Novagen) in frame with the N-terminal His-tag. BL21 E.
coli containing the above plasmid were grown in LB medium at
37°C until ODgy reached 0.5. Protein expression was induced by
adding 1 mM IPTG and incubating 3 h at 30°C. After checking the
protein induction on SDS-PAGE, cells were pelleted, resuspended in
binding buffer (Novagen) and lysed by rounds of freezing and soni-
cation.

2.6. EMSA analysis

Gel shift assays were performed as previously described [1] except
that 0.1 pg yeast tRNA was added as competitor. A similar procedure
was used with lysates of induced and non-induced bacteria except that
2 ug dI/dC and 2 pg yeast tRNA were added as competitors.

2.7. Plasmid constructs

The coding sequence of the Rs/-P67 gene was cloned into the Ndel/
Sall or the BamHI/Ndel sites of pHATO to obtain plasmids pHAT-
P67 and pP67-HAT, expressing N- and C-HA-P67 respectively (HA-
P67, P67-HA). The pHATO derived from pDEDH [16] contains a
duplicated CaMV 35S promoter and a poly (A) signal to direct ex-
pression of a test protein tagged with an HA epitope in plant cells.
HA corresponds to the influenza hemagglutinin non-peptide
YPYDVPDYA.

2.8. Transfection of Nicotiana plumbaginifolia protoplasts and detection
of HA-P67

Mesophyll protoplasts (3 10%) of N. plumbaginifolia were trans-
fected with pP67-HAT by the polyethylene glycol method [17] using
20 g of plasmid per transfection. 24 h after transfection, immunoloc-
alisation was carried out as described [18]. Immunodetection of P67-
HA was performed with a rat monoclonal anti-HA (clone 3F10,
Boehringer Mannheim). The anti-HA was revealed using fluorescein
isothiocyanate-conjugated goat anti-rat IgG (Jackson Immunore-
search Laboratories). No background was observed in plant cells
when the primary antibody was not included (not shown). Slides
were viewed with a fluorescence microscope (Zeiss Axiophot).

For Western blot analysis 10° N. plumbaginifolia protoplasts were
transfected with plasmid pHAT-P67 or pP67-HAT. The pelleted pro-
toplasts were resuspended in 100 pl of loading buffer. Ten ul was run
on a 10% SDS-PAGE and proteins were transferred to a PVDF
membrane (Amersham). The membrane was then blotted with a
1:100 dilution of mouse monoclonal anti-HA (clone 12CAS, Boehr-
inger Mannheim). The immunoreactive proteins were detected using
the ECL system from Amersham.

3. Results

3.1. Cloning of the genes encoding P67 in radish and
Arabidopsis

We previously identified a 67 kDa protein and its proteo-
lysed form, P60, from radish seedlings through pre-rRNA-
binding activity [1]. After performing a large scale purifica-
tion, five peptides from P67 (peptides 1-5 in Fig. 1) and two
peptides from P60 were sequenced. The two peptides se-
quenced from P60 were identical to peptides 3 and 4 of
P67, confirming that P60 is a modified form of P67 [1]. Prim-
ers derived from peptides 2 and 4 specifically amplified a 366
bp DNA fragment that also contained the coding sequence for
peptide 3. By a PCR walking strategy [14] a genomic sequence
of 2464 bp with an uninterrupted ORF of 2100 bp was ob-

S. Lahmy et al.IFEBS Letters 480 (2000) 255-260

tained. The conceptual translation product contains all the
microsequenced peptides of P67. PCR amplification using
radish genomic DNA as a template and specific primers flank-
ing the ORF resulted in isolation of two genomic fragments
that correspond to two different genes named Rs/-P67 and
Rs2-P67. They encode nearly identical proteins (Fig. 1). Using
the RsI-P67 sequence to screen the Arabidopsis databases, we
identified an annotated gene on chromosome 4 (accession
number Z97341, [19]), whose putative protein product aligned
only with the C-terminal region of Rs-P67. Based on this se-
quence information, a 3122 bp genomic fragment from Ara-
bidopsis was amplified and fully sequenced. An error in the
first deposited sequence had introduced an insertion prevent-
ing correct annotation. An uninterrupted ORF of 2108 bp
encoding a protein having 87% identity to the Rsl-P67 was
identified (Fig. 1). Indeed, two genes in radish and one in
Arabidopsis were detected by Southern experiments (not
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Fig. 1. Alignment of the amino acid sequences of P67 in radish and
A. thaliana. A: Sequences were deduced from the ORF encoded by
the radish Rs/-P67, Rs2-P67 and the Arabidopsis At-P67 genes (ac-
cession numbers A5243544, AS5243546, AS5243545 respectively).
Boxes indicate identical residues and shading similar ones. The five
sequenced peptides are indicated in bold type. The putative chloro-
plast transit peptide is indicated by dashes. Two PPR motifs are
overlined by arrows. The four leucines constituting the predicted
leucine zipper are shown by circles. B: Comparison of P67 motifs
to PPR consensus [12].
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Fig. 2. Radish P67 and P67r bind specifically to rBP fragment. A: The sequences of the rBP and the mutated probes are shown. The upper
case letters indicate nucleotide sequence from the radish pre-rRNA which contains three similar motifs A3, B and the cleavage site P. Lower
case letters show nucleotides derived from plasmid polylinker used for in vitro transcription. Deleted nucleotides are indicated by horizontal
dashes. B: The binding of P67 to the RNA fragments detected by EMSA was performed with the indicated amount of pure P67/P60 fraction
and 2 fmol of each indicated probe, in the presence of 2 pug of tRNA. C: The EMSA was carried out as in Section 2 with the rBP or AB frag-
ments and the following extracts: no protein (lanes 1 and 2), 4 pl of radish P67/P60 fraction (lanes 3 and 4), 2 ul (lanes 5 and 7) and 4 pl
(lanes 6 and 8) of bacterial lysates from induced cells transfected with pET-P67, 4 ul of uninduced cells transfected with pET-P67 (lane 9), 4 ul
of bacterial lysate from induced cells transfected with pET vector (lane 10). Bands migrating faster than F (free probe) correspond to degraded
probe. F, free probe; C and C*, RNA/P67 and RNA/P60 complexes respectively.

shown). We do not know whether one or both radish genes
are expressed.

The ORFs of Rsi-P67 and the At-P67 genes encode pro-
teins of 700 and 702 aa respectively (78 kDa, pl of 5.7).
Several sequence motifs were identified in radish and Arabi-
dopsis P67. The N-terminal 55 aa region exhibits features of a
chloroplast transit peptide [20]. Two similar stretches of 35
amino acids were found in the region 244-384. These repeats
show strong similarity to the PPR motifs described recently in
plant organellar proteins [12]. A four heptad leucine zipper is
also predicted at the carboxy-terminus of the protein (Fig. 1)
that could mediate protein—protein interactions [21]. Unlike
transcription factors of the bZIP family [22], P67 does not
contain a basic domain next to the leucine zipper. No known
RNA-binding motif could be detected.

Alignment of P67 with databases revealed no significant
similarity to eukaryotic or prokaryotic proteins [23] except
with the chloroplast maize protein CRP1 [2,11] which has
18% identity and 53% similarity to P67 distributed throughout
the sequence (not shown).

3.2. P67 recombinant protein has an RNA-binding activity

To obtain additional evidence that identified genes indeed
encode the P67 protein, we tested the RNA-binding activity of
the recombinant P67 (P67r) in the bacterial lysates by EMSA.
We have shown that P67 and its related form P60 specifically
bind to an RNA fragment (rBP) encompassing the first cleav-
age site of the radish pre-rRNA [1]. Predicted RNA secondary
structures suggest that the rBP fragment is highly structured
and could fold into two stems formed by B and P motifs
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Fig. 3. Expression of P67 mRNA. A. thaliana roots (R), stems (St), leaves (L), flower buds (FB) and flowers (F). Even lanes correspond to ex-
pression of P67 and actin-2. Uneven lanes: reverse transcriptase was omitted in the first strand cDNA synthesis. * corresponds to an artifactual

amplification product.

separated by a large loop (Mulfold program [24], not shown).
Deletions that alter the predicted structure of the rBP frag-
ment to various extents were prepared (Fig. 2A). rBP, AA3,
AiBP, AP could fold into similar structures but AB was com-
pletely different (not shown). The binding activity of P67 to
AA3, AiBP and rBP fragments are identical (Fig. 2B, lanes 2, 3
and lanes 5, 6, 11, 12). Deletion in the P motif slightly in-
creased the binding of P67 to the probe (Fig. 2B, lanes 2, 3
and lanes 14, 15). In contrast AB completely prevents binding
(Fig. 2B, lanes 2, 3 and lanes 8, 9). These data suggest that the
binding of P67 to rBP has specific structural requirements.

Since the most significant difference in binding was detected
with rBP and AB fragments, the binding of P67r to these
probes was analysed and compared to that of purified P67/
P60. A specific binding to rBP fragments is detected with
extracts from induced cells (Fig. 2C, lanes 5, 6), producing a
shifted band having similar mobility to the complex generated
by the purified P67/P60 fraction (Fig. 2C, lane 3). Such bind-
ing is prevented by using the AB probe (Fig. 2C, lane 4 and
lanes 7, 8). The C* complex formed with the plant extracts is
not observed with the recombinant protein fraction (Fig. 2C,
lane 3 and lanes 5, 6). This suggests that P60 is either pro-
duced during the extraction procedure by proteolysis or is a
natural modification of P67 occurring in the plant cell. No
binding was detected with extracts either from uninduced cells
or from cells transformed with the empty vector (Fig. 2C,
lanes 9 and 10).

These results confirm that the Rs/-P67 gene encodes the
RNA-binding protein P67 purified from plant cells.

3.3. Expression of P67 mRNA in A. thaliana

RT-PCR was used to detect P67 mRNA in different Arabi-
dopsis tissues. It revealed that P67 mRNA is expressed in
leaves and flowers (Fig. 3, lanes 6 and 10) and at lower levels
in stems and flower buds (Fig. 3, lanes 4 and 8); no expression
was found in roots. Actin mRNA was simultaneously ana-
lysed as a control.

3.4. Subcellular localisation of P67

Sequencing of the gene indicated that the N-terminus of
P67 has typical features of chloroplast transit peptides, thus
raising the question of the subcellular localisation of P67.
Epitope HA-tagged proteins were engineered and expressed
in protoplasts. Western blot analysis with a mouse anti-HA
indicated that a 67 kDa protein is specifically detected in the
extracts prepared from protoplasts expressing the P67-HA
(Fig. 4B, lane 2) but not HA-P67 (Fig. 4B, lane 3). Consid-
ering that both constructs only differ in the position of the

HA-tag, the failure to detect HA-P67 probably reflects the
removal of the N-terminal HA-tag in vivo. We directly visual-
ised the subcellular localisation of P67-HA by immunofluo-
rescence. In the transfected protoplasts, expression of P67-HA
is associated with chloroplasts and is clearly above the back-
ground of a cell not expressing P67-HA (Fig. 4C, parts B and
E). In all cases the P67-HA green fluorescence is specifically
associated with the chloroplasts labelled by the red autofluor-
escence of chlorophyll (Fig. 4C, parts A and D). Transient
expression of P67-GFP in N. plumbaginifolia protoplasts has
also shown that P67 is localised in chloroplasts (data not
shown).

4. Discussion

Similarity searches in databases using radish and Arabidop-
sis P67 sequences suggest that P67 is a previously undescribed
plant RNA-binding protein. Though we first identified this
protein in radish seedlings by its interaction with a pre-
rRNA probe, analysis of the P67 gene indicated that a 78
kDa precursor is processed into a 67 kDa mature form and
addressed to chloroplasts (Fig. 4). Its expression level is low
and only observed in the aerial part of the plant, which is in
agreement with its presence in photosynthetic tissues.

An intriguing feature of this chloroplast protein is its highly
specific RNA-binding activity: in vitro it only recognises the
rBP RNA and the recombinant protein has the same charac-
teristics (Fig. 2). However, the presence of the protein in the
chloroplast clearly indicates that the nuclear pre-rRNA is not
the natural substrate of this protein. No sequence similar to
rBP was found in the sequenced chloroplast genomes [25]. We
suspect that the specific interaction of P67 with rBP is directed
by secondary or tertiary structures of the RNA fragment, as
reported for many RNA-binding proteins [6]. Significantly, it
has been shown that in chloroplasts the differential stability
and translation of some ¢pRNA is controlled through cis-act-
ing elements forming stem-loop structures in their untrans-
lated 5’ and 3’ regions which are targets for specific RNA-
binding proteins [26-28]. Thus it is not unlikely that some of
these structures could be putative substrates for P67.

P67 contains no known conserved RNA-binding motif. A
good candidate for the RNA-binding domain could be the
PPR motif as recently suggested [12]. Some of them might
be RNA-binding rather than protein-binding motifs. Another
interesting motif is the predicted leucine-zipper motif in the
carboxy-terminus of P67. In plants, no RNA-binding proteins
with leucine-zipper motifs have been reported so far and usu-
ally bZIP factors are DNA-binding proteins [29,30]. RNA-
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Fig. 4. Transient expression of HA-P67 in transfected N. plumbaginifolia protoplasts. A: Schematic diagram (not to scale) of constructs in
pHATO vector used for transient expression in protoplasts. The pHAT-67 and pP67-HAT induced expression of N-tagged and C-tagged HA-
P67 proteins respectively. Clear boxes (Prom and Term) indicate the duplicated CaMV 35S promoter and CaMV poly (A) signal respectively.
Grey boxes indicate the coding sequence of Rs/-P67; the black box represents the HA epitope recognised by anti-HA antibodies. B: Expression
of P67-HA (C, lane 2) or HA-P67 (N, lane 3) was detected with the mouse monoclonal anti-HA. A control was made with extracts from pro-
toplasts transfected with pHATO (lane 1). * 30 and 40 kDa non-specific bands of tobacco proteins cross-reacting with anti-HA. C: Chloroplast
localisation of P67: Cells were immunostained with HA antibody and fluorescein goat anti-rat IgG as the secondary antibody (B and E, green
fluorescence under blue light excitation) The red fluorescence corresponds to chlorophyll emission (A and D). DAPI staining nuclei allow to lo-
calise cells (C and F). Arrows indicated the transfected cells. The bar represents 20 pum.
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binding proteins with leucine-zipper motifs have only been
described in animals [31]. For instance in mouse the leucine
zipper of TB-RBP protein directs the dimerisation which is
essential for its RNA-binding activity [32,33]. Since homodi-
merisation of P67 is unlikely [1], the leucine zipper could be
involved in heterodimer formation.

The best similarity score was found with the CRP1 protein
which also belongs to the PPR protein group. CRPI is in-
volved in both processing of petD ¢pRNA and translation of
petA and petD ¢pRNAs [11]. In plants and green algae post-
transcriptional regulation of chloroplast gene expression plays
a major role in the control of plastid biogenesis and develop-
ment: differential transcript stability regulates cpRNA accu-
mulation during plastid development, while translation is
strictly controlled by light [34]. These events are mediated
by RNA structures of the 5'-UTR and 3’-UTR of chloroplast
transcripts [26,27,35].

Considering these data, we propose that P67 interacts with
chloroplastic proteins to form a complex involved in the pro-
cessing or the translation of ¢pRNAs.
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