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Transfer of rps19 to the nucleus involves the gain of
an RNP-binding motif which may functionally
replace RPS13 in Arabidopsis mitochondria
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The discovery of disrupted rps19 genes in Arabidopsis
mitochondria prompted speculation about the transfer
to the nuclear compartment. We here describe the
functional gene transfer of rps19 into the nucleus of
Arabidopsis. Molecular cloning and sequence analysis
of rps19 show that the nuclear gene encodes a long N-
terminal extension. Import studies of the precursor
protein indicate that only a small part of this extension
is cleaved off during import. The larger part of the
extension, which shows high similarity to conserved
RNA-binding domains of the RNP-CS type, became
part of the S19 protein. In the Escherichia coli ribosome
S19 forms an RNA-binding complex as heterodimer
with S13. By using immuno-analysis and import studies
we show that a eubacterial-like S13 protein is absent
from Arabidopsis mitochondria, and is not substituted
by either a chloroplastic or a cytosolic homologue of
this ribosomal protein. We therefore propose that
either a highly diverged or missing RPS13 has been
functionally replaced by an RNP domain that most
likely derived from a glycine-rich RNA-binding protein.
These results represent the first case of a functional
replacement of a ribosomal protein by a common RNA-
binding domain and offer a new view on the flexibility
of biological systems in using well-adapted functional
domains for different jobs.

Keywords: gene transfer/plant mitochondria/RNP motif/
rps13/rpsl9

Introduction

Biogenesis of mitochondrial ribosomes requires com-
ponents from both the nucleus and the mitochondrion, so
that coordinated regulation is expected for the expression
of the 60-80 ribosomal proteins distributed between differ-
ent compartments. In Marchantia polymorpha, 16 genes
coding for mitochondrial ribosomal proteins (MRPs) have
been identified on the mitochondrial genome by homology
to their eubacterial counterparts (Takemura et al., 1992).
All other MRPs are encoded by nuclear genes and must
be imported post-translationally into the organelle. In the
mitochondrial (mt) DNAs of higher plants a similar gene
content is expected but the set of MRP genes differs
between plant species with no apparent evolutionary
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pattern (reviewed by Grohmann et al., 1993). Mitochon-
drial genes potentially coding for the ribosomal proteins
RPS7 (Zhuo and Bonen, 1993), RPS10 (Zanlungo et al.,
1994), RPS12 (Gualberto et al., 1988), RPS13 (Bland
et al., 1986), RPS14 (Wahleithner and Wolstenholme,
1988) and RPS19 (Conklin and Hanson, 1991) have so
far been found in some plant mtDNAs, but cannot be
identified in others (Nugent and Palmer, 1993). For
example, while rps7 is present in pea mitochondria, no
homologous mitochondrial gene seems to be present
in another legume, soybean (Zhuo and Bonen, 1993).
Furthermore, some of the MRP genes identified are
potentially silent or pseudogenes. In wheat mitochondria
a complete gene for RPS13 has been found; however, this
mitochondrial gene seems not to be expressed because
rpsi3 transcripts are undetectable (Bonen, 1987). In con-
trast, mitochondrial rpsl4 of Arabidopsis, which is dis-
rupted by a stop codon, is still transcribed and edited
(Brandt et al., 1993).

Because sequences of the MRPs are so similar to their
eubacterial counterparts, a loss from the plant mitochon-
drial genome is attributed to a gene transfer into the
nucleus rather than a complete loss from the plant. For
two MRP genes, namely rpsI2 in Oenothera (Grohmann
et al., 1992) and rpsI0 in Arabidopsis (Wischmann and
Schuster, 1995), transfer into the nucleus has been shown.
Whereas rpsi12 sequences are still present on the mtDNA
in Oenothera, rps10 sequences have been completely lost
from the mitochondrial genome of Arabidopsis. In both
gene transfers, the nuclear copy corresponds to the edited
mitochondrial mRNA sequence as found in other species,
implicating RNA as an intermediate of a functional
mitochondrial gene transfer (Grohmann et al., 1992;
Wischmann and Schuster, 1995). This view is supported
by the finding that cox2, a classical mitochondrial gene,
is present as an edited version of the gene in the nucleus
of several legumes (Nugent and Palmer, 1991; Covello
and Gray, 1992). All recently translocated mitochondrial
genes are longer than their organellar counterparts, due to
extensions at the 5’ end. These upstream sequences encode
mostly putative target signals, required in directing the
protein, after synthesis on cytosolic ribosomes, into mito-
chondria (von Heijne et al., 1989).

In yeast, where mitochondrial ribosomes have been
most extensively analysed to date, all but one MRP have
been translocated to the nucleus (Dujon, 1981). From the
60-80 MRPs, ~20 have been sequenced and characterized.
Only about half of them show significant similarities to
eubacterial and/or chloroplast ribosomal protein genes
(Grohmann et al., 1991). Other MRPs in yeast show no
sequence similarity to any of the bacterial ribosomal
proteins (Kang et al., 1991) and may represent species-
specific adaptations in replacing ribosomal proteins that
have been lost during organellar evolution. Novel proteins,
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Fig. 1. A functional rps/9 gene is absent from the mitochondrial genome of Arabidopsis thaliana. (A) A schematic representation of the mtDNA of
A.thaliana (Klein er al., 1994) with the location of rps/9 sequences. Upstream of rps/9, a tRNA gene for lysine is located showing the same
orientation as the adjacent ribosomal protein genes rps3 and rpll6. The rps3 gene is separated by a group II intron (cross-hatched box) in two exons
(boxes labelled with A and B). On the opposite strand a gene is present that encodes a subunit of a proposed transporter (orf206; Schuster, 1994).
The second rps/9 locus represents a duplication of 600 nucleotides starting upstream of the tRNA gene and ending at the exon/intron border of the
first exon of rps3. Restriction sites are shown for BamHI (B) and EcoRI (E). (B) A sequence comparison of the rps/9 pseudogene from Arabidopsis

with the intact mitochondrial rps/9 of Petunia (Conklin and Hanson, 1991).

which have no counterparts in the bacterial ribosome, are
likewise present in chloroplast ribosomes (reviewed by
Subramanian, 1993).

We have started to analyse recent transfers of mitochon-
drial ribosomal protein genes to the nucleus in higher
plants, and report here the transfer of rps/9 into the
nuclear compartment of Arabidopis. Surprisingly, an RNP
motif was found linked to the organellar-derived S19
sequence which most likely functionally replaces another
missing ribosomal protein in ribosomes of Arabidopsis,
namely S13.

Results

rps19 is a pseudogene in Arabidopsis mitochondria

In the course of our studies on the gene content of mtDNA
in higher plants, we found that an rps/9 gene is disrupted
by a termination codon in Oenothera mitochondria. This
pseudogene, however, is still transcribed and edited
(Schuster and Brennicke, 1991), but editing has drifted
away from conserved cytidine positions to other non-
conserved editing sites, resulting in a less well conserved
polypeptide after editing. To investigate this phenomenon
further in a different plant, we used Southern blot hybrid-
ization to identify rpsI9 in the mitochondrial genome of
Arabidopsis. Two loci were identified that hybridized with
the Oenothera rpsl9 probe, which covered the entire
coding region of the gene. DNA sequencing of both
regions of the mitochondrial genome revealed that only

pseudogenes of rpsl9, which cover only the C-terminal
part of the gene where no editing sites are found, are
present (Figure 1). Upstream of the rps/9 sequence a
lysine tRNA gene is located, and the gene for RPS3 that
normally flanks rpsi9 (Bock et al, 1994) is present
downstream. One of the loci, however, encodes a
pseudogene of rps3, because homology between the two
copies immediately breaks down after the first exon of
the rps3 gene. The part upstream that covers trnK and
rps19 sequences is identical for ~600 nucleotides between
both mtDNA locations.

rps19 is expressed as poly(A)" RNA

Based on the fact that an intact 7ps/9 gene is present in
Petunia mitochondria (Conklin and Hanson, 1991), it
seems unlikely that an active gene for this essential
ribosomal protein is missing in Arabidopsis and more
likely that the functional gene has been transferred to the
nuclear compartment. To test this possibility, we used the
Oenothera gene as probe to isolate clones from a cDNA
library of Arabidopsis that could code for the mitochondrial
RPS19 in the nucleus. Three polyadenylated cDNA clones
were found to contain sequences homologous to the
mitochondrial rpsI9. The clones showed identical 5'-
termini whereas the 3’-ends differed due to varying
polyadenylation sites and the length of the poly(A)-tails.
Northern blot analysis of poly(A)* RNA from Arabidopsis
using rps19 as probe revealed that the gene is transcribed
in a single transcript of 800 nucleotides (data not shown).
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Fig. 2. rps]9 is present as a single copy gene in the nuclear genome
of Arabidopsis. Genomic DNA of Arabidopsis (5 pg per lane) was
digested with various restriction enzymes. DNA was size fractionated
by agarose gel electrophoresis, blotted on nylon membrane and probed
with the conserved rps/9 region (Sphl-Hpal fragment with ~500 bp)
of the cDNA sequence (only part of the blot is shown). The left panel
shows hybridization conditions under low stringency, while the right
panel was done under high stringency conditions. The hybridization
signals disappearing under high stringency (0.1X SSC, —60°C)
represent rpsl9 pseudogene sequences of the mtDNA, the strong
signal under these conditions indicates the nuclear rps/9 gene in
Arabidopsis. The dot in the EcoRI lane at 2.5 kb represents an artifact
and is not visible on other Southern blots. Migration of molecular
mass standards is indicated on the left in kb.

Comparison of the cDNA sequences to edited mito-
chondrial rps19 sequences indicated that the edited mito-
chondrial version seems to be present in the nuclear gene.
In Petunia, four editing sites are present in the rpsl9 gene
(Conklin and Hanson, 1991); however, only two of the
editing sites are at highly conserved positions. These
conserved positions (amino acids 166 and 201) are present
as edited codons in the Arabidopsis gene.

A single-copy gene of rps19 is present in the
nucleus of Arabidopsis

Southern blotting using an internal part of rpsl9 revealed
that the gene is present as a single-copy gene in Arabi-
dopsis (Figure 2, and data not shown). Homology to the
mitochondrial pseudogenes is still high, as shown by
hybridization at moderate stringency whereby both mito-
chondrial loci are detected. Two cosmid clones carrying
rps19 have been isolated from an Arabidopsis cosmid
library using one of the cDNA clones as a probe. Compar-
ison of the cDNA and genomic sequences revealed that
the gene is split into four exons (Figure 3). Sequence
comparison further revealed that the cDNA clones that
were analysed were identical and contained a long uninter-
rupted reading frame of 212 codons, corresponding to a
24 kDa protein. Surprisingly, this reading frame could
code for a protein of more than double the size of a
typical RPS19 polypeptide. We attributed this observation
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B AAGCTTTGAATTTTCTGCTTGCCATGGACATTCGACTTATCAGTATTTTTGTACATTTTG 60
GTTAATGTTTATCAAATTGGTTTGATCACTCTGTGGATTTTAACTTACAAGTTAAGATGC 120
TATTCTTTTAGGTCTAGTTGATAGGTCATGGATTTGTTGTTATATGGAGTCTAGACATTT 180
TGCCACTGCTTTAGTGTTCTTAGCTTCTAAGGGTTTCGTTGATATATTGTACTGGGTTTA 240

M A F CT K L G G HWIK QG 14
TCGTTTCCAGGCATC'l‘AG‘l‘ATGGCTTTCTGCACTMACTTGGCGGTCACTGGWCMGG 300

VNV PV S SMLGSLRYMSTIKTLY 34
GGTAAATGTTCCAGTGTCATCAATGCTCGGTTCTCTTCGCTACATGTCCACAAAACTTTA 360

I G G 37
TATTGGTGGTAAGTATAACTTCCTATCAGATTGTTTCATTTTCTTACTCTTCGCAGCTGT 420
GGATGTTTTCTTTCTCTTGTATAGCAGTTTAAATGTTTTGGTCACTTTTATAATTTTGGT 480

L S P G TDE H L D AF S S F N 55
CCCAGGCCNTCCCC’I‘GGAACTGACGAGCACTCCTTGAAGGACGCTTTCTCTAGCTTCM 540

G V. T E A 60
TGGAGTGACAGAGGGTATGCCCTGGATCTTACTATCTTTCTTTTCACTGTTCTACAATAG €00
AACGTGGTTTTGTTTGTGCTAGTTAATGTATAAACCATTCAAGGATGTGTGGTTGGATTG 660
AAGCCGTCCTATTCATCATTATACCATGAATGATTGATGGTGATGACCATTTTTAGTATG 720
GTATTTCTGTTTTGCTTTGGTTTGCCTCGGGACTTAACTCTCTTGTTGAGTACAGTTAAT 780
ATATTCAGTCATTTCATTACTTGCGTATTTAACCAGAACCTTGCCGTATCTTTTTTCTGT 840

M T N X VT GR S R G Y G F V N 78
GCAGCMGAGTCATGACAAACAAAGTGACCGGGAGGTCTAGAGGTTATGGATTTGTTMC 300

F I S ED S A NS A I S A MNGQ 95
TTCATAAGCGAGGATTCTGCCAACTCTGCTATTTCAGCAATGAATGGACAGGTTAGAAAT 960
CTAAAGAATCATTGATCTATCTATTTACCTATCATGTCAATTGCTGTGTTGTATGGTTAA 1020

E L NG F NI S 103
TCTTCCCCTTTTGTTGGTTTTGGGATGGTGAAATAGGAGCTGAATGGGTTTAACATAAGT 1080

VNV A KDWZPSLPLSLVESTITEE 123
GTGAACGTTGCAAAAGATTGGCCAAGTTTGCCATTGTCGTTGGTCGAGAGTATAGAAGAA 1140

A E K K ENKMMSUR S VW KDUPTF VD 143
GCTGAGAAGAAAGAAAATAAGATGATGAGCCGATCTGTATGGAAAGATCCATTCGTTGAT 1200

A F L M K K KNAALNI RIKTIMW®WSURR S 163
GCGTTCCTGATGAAGAAGAAGAATGCAGCTCTGAACAGGAAAATATGGTCAAGGAGATCG 1260

T I L P E Y V D S AV RTIYNGI KTHUV 183
ACGATTCTTCCCGAGTATGTTGATTCGGCGGTGAGAATCTACAACGGCAAAACTCATGTG 1320

R ¢ K I T E G K V GH K F G EFATF TR 203
CGTTGTAAGATCACAGAGGGGAAAGTTGGGCATAAATTCGGAGAGTTTGCGTTTACAAGA 1380

K V K K H A K A K * 212
AAAGTGAAGAAGCATGCTAAAGCAAAGTAGCATCTTTGAGAATGAATTGGTCAGCTGCTT 1440
GAAAGGATTGTGTTGAAAAGCCAAAAACGAATCAAATCAATAAATTCTCAATAGGTAARA 1500

CTCATTAGCTCACATGATCATGTAGACGAATATTGAGCTTTAGAAAGTCTTTAGTTTTCT 1560
TGTC‘GATTTCGT‘ATTTTTGGACC ACAAAAGTGCCAATGTTATTTTGGAATTCGATTAACA 1620

Fig. 3. Structure and DNA sequence of the Arabidopsis rpsl9 gene.
(A) The nuclear encoded rps/9 gene is separated by three introns
(hatched boxes). All introns are located in the region that encodes the
proposed RNA-binding domain, whereas no intron was found in the
organellar-derived rps/9 part. The target signal sequence is encoded
by the first half of exon A and is indicated by a vertical arrow.

(B) DNA sequence of rps]9 containing the complete transcribed
region. The deduced amino acids encoded by the open reading frame
are given in the one-letter code. Intron borders are underlined. The
arrowheads show two alternative poly(A) sites. The star indicates the
5’-termini of the cDNA clones.

to the fact that an N-terminal extension is needed for most
of the nuclear encoded mitochondrial proteins to be
targeted to mitochondria (von Heijne, 1986).

The 5 -terminal extension of rps19 encodes an
RNP-CS motif

When the deduced amino acid sequence was used to
search for homology in the sequence databases, significant
similarity was found not only to mitochondrial and eubact-
erial S19 proteins but also for proposed RNA-binding
proteins (Figure 4) carrying a common structural motif of
~90 amino acids, termed ribonucleoprotein consensus
sequence (RNP-CS; Burd and Dreyfuss, 1994). Some of
these RNA-binding proteins contain only a single copy of
the RNP-CS motif, also known as RNA recognition motif
(RRM), while others contain as many as four copies
(reviewed by Bandzilius ez al., 1989). Two RNP-CS motifs
have been found in tobacco chloroplast proteins that have
been proposed to be involved in RNA splicing and/or
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Fig. 4. The Arabidopsis RPS19 shows homology to proteins carrying
conserved RNP motifs. (A) A schematic size comparison of the
Arabidopsis RPS19 (212 amino acids) to the counterparts of E.coli
(92 amino acids; Zurawski and Zurawski, 1985) and Petunia
mitochondria (94 amino acids; Conklin and Hanson, 1991). The S19
homologous part is shown by hatched boxes and the amino acid
comparison for this part of the polypeptide is given in part C of this
figure. The upstream part of the Arabidopsis rps19 shows high
similarity to RNA-binding domains of the RNP-type (B). The putative
mitochondrial target signal sequence is indicated by a vertical arrow.
(B) The deduced amino acid sequence of the Arabidopsis rps19 (A. th.
RPS19; this paper) shows high similarity to conserved RNP motifs.
Two highly conserved domains of the RNP motif are boxed (RNP-CS,
RNP-2). The highest similarity was observed to glycine-rich proteins
of Arabidopsis (A. th. GRP7; A. th. GRP8; van Nocker and Vierstra,
1993) and maize (maize AAIP; Gomez et al., 1988). From the >150
proteins containing RNP motifs, two further examples are listed, one
represents a plastid protein of tobacco that contains two RNP motifs
(tob. cp28/1; tob. cp 28/2; Li and Sugiura, 1990) and the other the
human hnRNP A1 (hnRNP/H A1l/1; Riva et al. 1986) which is
involved in splicing. Similar amino acid residues at identical postions
are shown by inverse contrast. (C) A sequence alignment of RPS19
sequences from Oenothera (Schuster and Brennicke, 1991), Petunia
(Conklin and Hanson, 1991) and Marchantia (Takemura et al., 1992)
mitochondria, and the S19 polypeptides from Mycoplasma (Ohkubo
et al., 1987) and E.coli (Zurawski and Zurawski, 1985).

processing (Li and Sugiura, 1990). The highest homology
of the RNP domain of RPS19 was observed to putative
RNA-binding proteins of the glycine-rich family of Arabi-
dopsis (van Nocker and Vierstra, 1993) with ~54% ident-
ical amino acids, and to an abscisic acid (ABA)-induced
transcript from maize (Gémez et al., 1988), showing 52%
homology.
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Fig. 5. The in vitro-translated RPS19 is imported into potato
mitochondria. (A) The import of labelled RPS19 precursor into
purified potato mitochondria. Lane 4 shows the in vitro-labelled
precursor (1/10 of the amount used for import) which is completely
digested after the addition of proteinase K (lane 5). After incubation of
the RPS19 precursor with purified potato mitochondria (lane 1) the
mature form of RPS19 appears. The mature form is resistant to
proteinase K treatment of mitochondria (lane 2). After addition of
Triton X-100 the mature form disappears after proteinase K treatment
(lane 3). (B) The microsequencing of the labelled RPS19 precursor
and the imported form. After blotting, the proteins were subjected to
microsequencing. Radioactivity release at each sequencer cycle is
shown for the precursor and the processed RPS19. Background
radioactivity is not subtracted. (C) The N-terminal sequence of RPS19.
Labelled amino acids are indicated by open arrows (a—d) below the
polypeptide sequence. Numbers above the amino acid sequence refer
to the degradation steps of (B). Significant release of radioactivity was
observed in degradation steps 1 (a), 22 (b) and 29 (c) for the RPS19
precursor, which matches the positions of the labelled methionine
residues of the polypeptide. For the imported RPS19, where the signal
peptide has been cleaved off, degradation steps 1 (c) and 34/35 (d)
showed significant release of radioactivity. From these results the
putative processing site of the signal peptide is expected to be located
upstream of amino acid position 29 (M) or 30 (S) of the RPS19
precursor. To confirm the results obtained by radiosequencing of the
heterologous in organello import product, and to distinguish between
the two possible processing sites, the genuine RPS19 from Arabidopsis
mitochondria was immuno-purified and sequenced. The sequence
obtained by Edman degradation is shown below the sequence-derived
RPS19 amino acid sequence. The proposed cleavage site of the signal
peptide is indicated by a solid arrow above the amino acid sequence.

Import of RPS19 into potato mitochondria

To demonstrate that RPS19 is targeted to mitochondria
and to analyse the fate of the N-terminal extension, we
imported the in vitro-translated RPS19 precursor into
isolated potato mitochondria (Figure 5). This N-terminal
extension with 130 amino acids could either code for a
very large mitochondrial target signal that is removed
during import, or, in a different scenario, could represent
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Fig. 6. RPS19 is present in Arabidopsis mitochondrial ribosomes. (A) An immunoblot analysis using antibodies directed against either RPS19 of
E.coli (lanes 1-5) or RPS19 from Arabidopsis that has been overexpressed in E.coli (lanes 6-9). The samples are total protein of E.coli (lane 1),

50 S (lane 2) and 30 S (lane 3) subunits of E.coli ribosomes, total protein of E.coli overexpressing RPS19 from Arabidopsis (lane 4) and the purified
RPS19 protein (lane 5), one-tenth of the amount of purified RPS19 that was loaded on lane S (lane 6), chloroplast (lane 7), mitochondrial (lane 8)
and cytosolic (lane 9) ribosomal protein of Arabidopsis. Escherichia coli protein samples contained ~2 ug of protein, ribosomal protein fractions of
Arabidopsis (lane 7-9) ~0.5 pg. (B) An immunoblot analysis of fractionated mitochondrial and total chloroplast protein from Arabidopsis using
antibodies directed against specific marker proteins. Mitochondria were subfractionated into membrane (membrane mt) and matrix (matrix mt) by
sonication and ultracentrifugation. Approximately 2 ug of plastid and 10 pug of mitochondrial protein were loaded. Identical immunoblots were
incubated with Arabidopsis RPS19 antiserum (a), affinity-purified RPS19 antibodies (b), antibodies directed against the tobacco MnSOD (c; Bowler
et al., 1989), antibodies directed against the core proteins of the bc; complex from Neurospora (d; Schulte er al., 1989), antibodies directed against a
plastid-localized starch phosphorylase (e; Greve, 1992), and an anti-serum directed against two plastid ribosomal proteins from spinach

(f; Bubunenko and Subramanian, 1994). The molecular weight marker sizes are indicated on the left in kDa.

a mitochondrial polypeptide of unknown function (e.g.
comparable with the plastid RNA-binding proteins of the
RNP-CS type) that was used by the organellar-transferred
RPS19 as an import vehicle into mitochondria. Interes-
tingly, during the in organello import into potato mitochon-
dria, a signal peptide of only 3.5 kDa was removed from
the 24 kDa RPS19 precursor. We therefore concluded that
the mature ribosomal protein S19 was extended by an
RNA-binding motif of the RNP-CS type. In order to
determine the exact processing site of the signal peptide
we radiosequenced the in vitro-imported RPS19 polypep-
tide that was labelled at the methionine positions (Figure
5). From the high release of radioactivity during Edman
degradation at the 34th step we determined that the
processing site is between a methionine at position 29 and
a serine at position 30, which is in good agreement with
the results obtained from the in organello import studies.
However, significant release of radioactivity was also
observed during the first degradation step (and to a lower
degree at step 35); therefore it is likely that processing of
the RPS19 precursor proceeds in two steps: whereby the
first processing step, carried out by the general processing
peptidase, leads to a cleavage between a tyrosine at
position 28 and the methionine at position 29; and is
followed by a second processing step by which the N-
terminal methionine is removed. It has been shown by N-
terminal sequencing that mitochondrial proteins of higher
plants are missing methionine at the N-terminus, therefore
the presence of a methionine aminopeptidase has been
suggested (Braun and Schmitz, 1993). While in Neuros-
pora mitochondrial precursors an arginine is found at
position —1 upstream of the processing site, this conserved
amino acid is located in plant precursors either at position
—1 or -2. For that reason both processing sites are possible
for RPS19. To confirm the results of the in organello
import, we immuno-purified RPS19 from mitochondria of
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Arabidopsis in order to identify the N-terminus of the
mature polypeptide. Microsequencing of the Arabidopsis
RPS19 revealed the same processing site as expected from
the import studies into potato mitochondria. From the
location of the processing site we therefore conclude that
the RNP motif is a fully functional domain.

rps19 is present in mitochondrial ribosomes of
Arabidopsis

In order to show that RPS19 is present as a large protein
of 20 kDa in mitochondrial ribosomes, we cloned RPS19
into a bacterial expression vector and overexpressed the
protein in Escherichia coli. An antibody directed against
the S19 ribosomal protein from E.coli (kindly provided
by Dr R.Brimacombe) shows a cross-reaction with the
highly overexpressed S19 product of the Arabidopsis
reading frame (Figure 6A). However, in a mitochondrial
ribosomal fraction, only a very faint signal was obtained
with this E.coli antibody (data not shown). We therefore
purified the overexpressed S19 protein and raised a poly-
clonal antibody against the S19 protein. The serum
obtained was further affinity-purified using the over-
expressed S19. This purified antibody was used in
immunoblot analysis of mitochondrial, plastid and cyto-
solic ribosomal protein fractions from Arabidopsis (Figure
6A). While no signal was observed in the lanes carrying
the plastid and cytosolic ribosomal fractions, a single
distinct band of about 20 kDa was obtained in the lane
with the mitochondrial ribosomal proteins. This band
corresponds exactly to the imported RPS19 of 20 kDa
carrying the organellar-transferred part of RPS19 as well
as the RNP-CS domain linked at the N-terminus.

To ensure the purity of the ribosomal fractions, anti-
bodies directed against specific marker proteins were used
(Figure 6B). Manganese superoxide dismutase (MnSOD),
a marker enzyme of the mitochondrial matrix, was identi-
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Fig. 7. Amino acid sequence comparison of the deduced Arabidopsis plastid ribosomal protein S13 (Arabidopsis cp ) with the respective polypeptides
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mitochondria (mt). and the bacterial counterparts of E.coli (Lindemann and Wittmann-Liebold, 1977) and Bacillus (Brockméller and Kamp, 1988).
Identical amino acids are highlighted by inverse contrast, similar residues by grey shading. The proposed cleavage site between the transit peptide

and the mature RPS13 is indicated by an arrowhead.

fied by immunoblotting in the soluble mitochondrial frac-
tion as 28 kDa polypeptide; whereas in the lanes with the
membrane and chloroplast fractions no signal of similar
size was obtained. Antiserum directed against the core
proteins of the bc; complex from Neurospora (kindly
provided by Professor H.Weiss) identified cross-reacting
proteins exclusively in the mitochondrial fractions; we
therefore conclude that contamination with mitochondrial
protein is low in the chloroplast fractions. An antibody
directed against a plastid-specific starch phosphorylase
(kindly provided by Dr B.Greve) was used to prove
that the mitochondrial fractions are free of chloroplast
contamination. A polypeptide with the expected size of
105 kDa was identified by this antibody exclusively in
the lane with plastid protein, although five times more
mitochondrial protein was loaded, indicating that the
mitochondrial protein fractions are free of plastid protein.
Moreover, an antiserum raised against two plastid ribo-
somal proteins (PSRP1 and L21) from spinach (kindly
provided by Dr A.R.Subramanian) was also used to
ensure that the mitochondrial fractions are free of plastid
ribosomes. Two polypeptides of 23 and 34 kDa showed
a specific cross-reaction in the plastid fraction with this
antiserum. This finding indicates that these ribosomal
proteins are also present in Arabidopsis chloroplasts. In
the mitochondrial fractions the 23 kDa polypeptide is
absent; however, several larger proteins were detected by
this antiserum, in both the matrix and the membrane
protein fraction. These signals may be due to cross-
reactions of mitochondrial ribosomal proteins to its plastid
counterparts, or may be unspecific. The immunopurified
RPS19 antibody identified the protein quantitatively in the
membrane fraction, whereas no soluble RPS19 could be
found in the matrix, suggesting that the function of this
polypeptide may be restricted to mitochondrial ribosomes.

Nuclear-encoded RPS13 is imported into
chloroplasts

In the E.coli ribosome, RPS19 has been located on the
head of the 30S subunit in close contact to ribosomal

protein S13 (reviewed by Wower et al., 1993). It has been
shown that a heterodimer of RPS19 and RPS13 can be
formed that binds tightly and specifically to 16S rRNA
(Dijk et al., 1977). The N-terminal region of the S13
protein is important for the interaction with S19 while the
C-terminal part is involved in RNA binding (Schwarzbauer
and Craven, 1985).

To unravel the possible function of the RNP motif that
is linked to RPS19 in Arabidopsis we concentrated on the
possible interaction with the S13 protein that we also
expected for mitochondrial ribosomes. As an rps/3 gene
is also absent from the mtDNA of Arabidopsis (Klein
et al., 1994), we investigated the presence of this MRP
gene in the nucleus. Using the mitochondrial gene of
Daucus (Wissinger et al., 1990) as probe we screened
a cDNA library of Arabidopsis for the presence of a
mitochondrial rps/3; however, no positive signal was
observed. We attributed this finding to a highly diverged
nuclear gene encoding the mitochondrial S13 that had
drifted away in sequence after translocation to the nuclear
compartment. By a different approach, three cDNA clones
with sequences homologous to rpsl3 were isolated, using
degenerate oligonucleotides deduced from a conserved
amino acid sequence at the C-terminal part of mitochon-
drial S13 polypeptides. All cDNA clones showed identical
sequences and coded for a reading frame of 169 codons.
The 3’-ends of the cDNA clones differed, however, due
to alternative poly(A) sites. rpsi3 is present as single-
copy gene in the nuclear genome of Arabidopsis (data not
shown). The deduced amino acid sequence showed high
similarity to bacterial (65% similarity) but much lower
similarity to mitochondrial (37% similarity) S13 polypep-
tides (Figure 7). At the N-terminus an extension of 47
residues was found which we expected to function as
mitochondrial target signal. In organello import of the
in vitro-translated RPS13 polypeptide into mitochondria
failed, however (Figure 8A, lower part). As an rpsi3 gene
is likewise absent from the plastid genome of all higher
plants it was considered much more likely that the cDNA
clones that we isolated encoded the chloroplast counterpart
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Fig. 8. In organello import of in vitro-translated ribosomal precursor
proteins into potato mitochondria and pea chloroplasts. (A) In
organello import of the cytosolic RPS18, the mitochondrial RPS19,
and the plastid RPS13 of Arabidopsis. In vitro-translated ribosomal
precursors (p) are shown in the first lane (Pre), incubation with
purified potato mitochondria in the second lane (Imp). Proteinase K
treatment (PrK) after the import is shown in lane 3. When
mitochondria are lysed by the addition of Triton X-100 (Lys) the
protected mature protein (m) is digested by proteinase K (PrK + Lys).
Import of the polypeptides into mitochondria is completely abolished
in the presence of valinomycin (+valinomycin). (B) The import into
pea chloroplasts of the plastid RPS13 of Arabidopsis. The first lane
(Pre) shows the RPS13 precursor protein with 19 kDa that is
completely digested after addition of the protease thermolysin

(Pre + Pro). After incubation of the S13 precursor polypeptide with
pea chloroplasts (Imp), a mature product of ~14 kDa appears that is
protected from protease degradation of chloroplasts (Imp + Pro).

of S13 rather than the mitochondrial protein. To prove
this possibility, we investigated the in organello import
of RPS13 into pea chloroplasts (Figure 8B). After incuba-
tion of the in vitro-translated S13 precursor with isolated
pea chloroplasts we observed a protease-protected poly-
peptide with a molecular weight of ~14 kDa. During
import, a peptide of ~5 kDa was removed from the S13
precursor molecule. We conclude, therefore, that the first
47 amino acids at the N-terminus encode a transit peptide
for chloroplast import.

RPS13 is absent from mitochondrial ribosomes of
Arabidopsis

Genes for RPS13 have been described in mtDNAs of
plants for Oenothera (Schuster and Brennicke, 1987),
Daucus (Wissinger et al., 1990), maize, tobacco (Bland
et al., 1986), wheat (Bonen, 1987) and Marchantia
(Takemura et al., 1992), and expression has been confirmed
by an antibody directed against the maize mitochondrial
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Fig. 9. Western blot analysis using antibodies directed against either
the mitochondrial RPS13 (anti-mtRPS13) of maize (A) or the plastid
RPS13 (anti-cpRPS13) of Arabidopsis overexpressed in E.coli (B).
The samples are ribosomal proteins of pea (lane 1) and potato (lane 2)
mitochondria, plastid ribosomal proteins of potato (lane 3), and total
mitochondrial (lane 4), mitochondrial ribosomal (lane 5), plastid
ribosomal (lane 6) and cytosolic ribosomal (lane 7) proteins of
Arabidopsis. Approximately 1 ug of proteins was loaded on lanes 1, 2,
3, 5 and 7. Lanes 4 (total mt proteins) and 6 (plastid ribosomal
proteins of Arabidopsis) contained ~5 ug. The molecular weight
marker sizes are indicated on the left in kDa.

S13 polypeptide at least in some of the species (Kumar
et al., 1995). We used this antibody (kindly provided by
Professor C.S.Levings III), in order to investigate the
presence of a mitochondrial-derived RPS13 in mitochon-
drial, chloroplast or cytosolic ribosomes of Arabidopsis
(Figure 9). A strong signal in the Western blot at 14 kDa
was obtained only for ribosomal proteins from potato
mitochondria. Weak signals have been detected for the
ribosomal proteins of pea mitochondria and Arabidopsis
chloroplasts, however, no signal appeared in the lanes
with the mitochondrial and cytosolic fractions. From these
results we conclude that a mitochondrial-derived RPS13
is absent from ribosomes of Arabidopsis mitochondria.
To verify the results of the S13 import studies we used
an antibody directed against the plastid RPS13 (kindly
provided by Dr I.Small) to probe an identical Western
blot. Distinct signals for plastid ribosomal protein S13
appeared in the lanes for Arabidopsis and potato chloro-
plasts at the expected molecular weight, corroborating the
plastid localization of this protein. Surprisingly, in pea
mitochondria a strong signal was obtained with the plastid
S13 antibody. We therefore conclude that the missing
mitochondrial gene for RPS13 in pea was replaced by the
plastid homologue rather than by a mitochondrial S13 that
was transferred to the nucleus. In the lanes carrying the
mitochondrial fractions of Arabidopsis, however, no signal
was observed, indicating that neither a mitochondrial-
derived nor a plastid-derived S13 protein is present.

RPS 18, the cytosolic homologue of RPS13, is not
imported into mitochondria

In Arabidopsis, the cytosolic counterpart of the eubacterial
RPS13, namely RPS18, has been identified by investiga-



ting the PFL mutant that causes pointed first leaves (van
Lijsebettens et al., 1994). Three copies of this gene are
present in the nuclear genome of Arabidopsis, all of
them encoding identical polypeptides. One of the genes,
however, is only expressed in meristems and affects plant
development. It has been suggested that an extra copy of
this ribosomal protein is needed in tissues with high
expression to increase translational efficiency. In spinach
chloroplasts it has been shown that the plastid RPL23 has
been functionally replaced by a cytosolic counterpart
(Bubunenko et al., 1994); we therefore investigated the
putative replacement of RPS13 in Arabidopsis mitochon-
dria by an RPS18 homologue. By in organello import and
immunoblot analyses we examined the presence of a
cytosolic RPS18 in mitochondria of Arabidopsis. To test
whether RPS18 polypeptides could be imported into plant
mitochondria, we cloned the complete reading frame of
one of the S18 copies for in vitro translation and incubated
the labelled protein with potato mitochondria to see if
import occurs (Figure 8A). While in the control experiment
RPS19 was imported, no protease-protected polypeptide
was detectable in the S18 import.

Based on the earlier finding that an antibody against
the E.coli RPS13 shows a weak cross-reaction with RPS18,
we investigated the presence of the cytosolic RPS18 in
mitochondria of Arabidopsis by immunoblot analysis. A
protein of 17.5 kDa was identified by this antibody in the
cytosolic ribosomal fraction (Figure 10A). This polypep-
tide corresponds exactly in size to the cytosolic RPS18.
A protein of similar size could not be observed in the
mitochondrial fractions. To verify that the cross-reaction
of the S13 antibody with RPS18 is specific, we performed
immunoprecipitiation experiments where we show that
the in vitro-translated RPS18 protein could be immuno-
precipitated by the E.coli antibody (Figure 10B). Control
experiments, with either in vitro-translated RPS19 protein
and S13 antibody or S19 antiserum and in vitro-translated
RPS18, showed no precipitation product. Therefore we
conclude that cross-reaction of the E.coli S13 antibody
with RPS18 is specific, most likely due to a highly
conserved protein domain at the C-terminus that is present
in all members of the S13 protein family (Figure 10C). A
weak cross-reaction of this antibody was likewise observed
with the S13 polypeptides from potato mitochondria and
Arabidopsis chloroplasts. From the results of both the
in vitro import experiments and the immunoblotting, we
conclude that a functional replacement of the missing
RPS13 in Arabidopsis by a cytosolic counterpart is
unlikely.

Discussion

We have shown that a complete gene for RPS19 is absent
from the mitochondrial genome of Arabidopsis, but that
a functional rpsI9 is present as a single-copy gene in the
nuclear compartment. Comparison of the deduced S19
amino acid sequence with its mitochondrial counterparts
revealed that the nuclear gene is highly similar to the
edited organellar copy, and that it encodes a long N-
terminal extension showing high similarity to RNA-bind-
ing domains of the RNP-CS type.

This RNP-CS domain is the most common RNA-
binding motif and is found in a number of proteins
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Fig. 10. Western-blot analysis and immunoprecipitation of the
cytosolic RPS18 from Arabidopsis using the E.coli S13 antibody.

(A) Western-blot using an antibody directed against RPS13 from
E.coli. The samples are total E.coli protein (lane 1), plastid ribosomal
protein of Arabidopsis (lane 2), mitochondrial ribosomal protein of
potato (lane 3), mitochondrial ribosomal protein of Arabidopsis (lane
4) and cytosolic ribosomal protein of Arabidopsis (lane 5). The
position of the putative cytosolic RPS18 at 17.5 kDa is indicated by
an arrow. (B) Immunoprecipitation experiments using antibodies
directed against either RPS13 from E.coli or RPS19 from Arabidopsis.
To prove that the cross-reaction of the RPS13 antibody with the
cytosolic S18 was specific, in vitro-translated RPS18 (right panel;
RPS18) or, as control, in vitro-translated RPS19 (left panel; RPS19)
was immunoprecipitated with the S13 (anti-RPS13) and S19 (anti-
RPS19) antibodies. The faint band of precipitated RPS18 is indicated
by an arrow. (C) An amino acid sequence comparison of the protein
domain that is conserved in all members of the S13 family. The
sequences of the bacterial RPS13 from E.coli (E.coli rpsi3), the
mitochondrial RPS13 from Oenothera berteriana (O.be. mt rpsi3), the
plastid RPS13 from Arabidopsis thaliana (A.th. cp rpsi3) and the
cytosolic RPS18 from Arabidopsis thaliana (A.th. rpsl18) are shown.
Identical amino acids are highlighted by inverse contrast.

involved in processing, translation and transport of mRNA
precursors (Burd and Dreyfuss, 1994). Some of these
proteins contain only a single copy of the RNP motif,
while others contain as many as four copies (Bandzilius
et al., 1989). A typical RNP domain is composed of ~80
amino acids showing two highly conserved short sequences
of eight (RNP1 or RNP-CS) and six (RNP2) residues
respectively (Dreyfuss et al., 1988). Such motifs are also
present in the RNP domain of RPS19 from Arabidopsis.
In plants, several cDNAs encoding putative RNA-binding
proteins of the RNP-CS type have been isolated. Three
proteins, each containing two RNP-CS domains, have
been isolated from tobacco chloroplasts (Li and Sugiura,
1990). These polypeptides are proposed to be involved in
splicing and/or processing of chloroplast RNAs. The three-
dimensional structures of two RNP-containing proteins
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[sn RNP UIA (Nagai et al., 1990) and hnRNP C (Gorlach
et al., 1992)] have been analysed by X-ray crystallographic
and/or NMR solution studies. Despite low overall amino
acid sequence identity, these proteins assume similar
globular structures, formed by a four-stranded anti-parallel
B-sheet packed against two perpendicularly oriented o-
helices. Recently, the crystal structure of ribosomal protein
S6 from Thermus thermophilus has been determined
(Lindahl et al., 1994) and this shows a similar folding
pattern to the RNP-CS-type motifs. It has been suggested,
therefore, that this structure was established early in
molecular evolution and that the RNA-binding domains
of the RNP family may have originated from an ancestral
RNA-interacting motif of ribosomal proteins. The putative
RNA-binding domain of RPS19 shows the highest similar-
ity to glycine-rich proteins that have also been described
from Arabidopsis, and that most likely resulted by a gene
duplication or inactivation of a member of this protein
family. Glycine-rich proteins can be separated into two
distinct groups, one showing no RNA-binding motifs at
all (de Oliveira et al., 1990), the other consisting of a C-
terminal glycine-rich domain appended to a single RNP-
CS motif (van Nocker and Vierstra, 1993). It has been
shown that proteins of this family are induced either by
wounding (Sturm, 1992) or abscisic acid (ABA; G6émez
et al., 1988) and play a vital role during stress. The RNA-
binding domains of these polypeptides may therefore be
involved in hormonal regulation; however, the real func-
tion of the RNP domain in these proteins is unclear.

In RPS19, the gain of the RNP motif could either be
tolerated by the mitochondrial ribosome of Arabidopsis,
without having a real meaning for the translation apparatus,
or it may supply the ribosome with an additional function.
It has been shown that an extended plastid ribosomal
protein is assembled into bacterial ribosomes, and is
functional in protein synthesis (Giese and Subramanian,
1991); however, it is unclear whether the extension is
needed for the chloroplast translation system. Similarly,
large size polymorphisms have been found between
eubacterial aminoacyl-tRNA synthetases and their mito-
chondrial and cytosolic counterparts. These extra sequence
domains are dispensable for synthetase activity per se;
rather, they provide new functional and/or structural char-
acteristics for the enzymes (Akins and Lambowitz, 1987,
1991; Schimmel, 1987). In yeast it has been shown
that MRPs are, in general, larger than their eubacterial
equivalents (Li et al., 1993) and that these additional
domains provide new functions for ribosome assembly
and respiratory growth (Huff et al., 1993). These new
functional domains, of unknown origin, are highly specific
adaptations in yeast and are not found elsewhere. However,
in the case of Arabidopsis mitochondrial RPS19, the gain
of the additional protein domain can be followed back to
the glycine-rich protein family, due to the high similarity
found between the RNP motif sequences.

The assumption that the RNP domain of RPS19 is
functionally important for Arabidopsis mitochondrial ribo-
somes is based on two observations, one relating to
analyses of ribosome structure and function in E.coli, the
other to analysis of a possible ribosomal gene transfer of
rpsi3 into the nucleus of Arabidopsis. Earlier in E.coli it
had been shown that, individually, neither ribosomal
protein S13 nor S19 binds significantly to 16S rRNA, but
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Fig. 11. Hybridization of the rps/9 RNP motif sequence from
Arabidopsis to nuclear DNAs of higher plant species. Genomic DNA
(~5 ug) of maize, wheat, potato, Oenothera, pea and Arabidopsis was
hydrolysed with Xbal. DNA was size fractionated by agarose gel
electrophoresis, blotted to nylon membrane and probed with an Xbal-
Xbal fragment of 710 bp covering the RNP motif sequence (see Figure
3B, nucleotide position 170-880) under high stringency conditions.
Migration of molecular mass standards is indicated on the left in kb.

when they are both present, a rather strong binding is
observed (Dijk et al., 1977). RPS13 has two separable
functional domains: whereas the N-terminal part is
important for the association with RPS19 and forms a
protein-binding domain for RPS19, the C-terminal part is
primarily responsible for RNA recognition (Schwarzbauer
and Craven, 1985). Similar results have been obtained by
cross-linking studies of Bacillus ribosomes, where these
proteins are found to be neighbours (Brockmoller and
Kamp, 1988). Cross-linking of initiation factor IF-3 to the
S13/S19 protein pair has also been observed (Pon et al.,
1982), which indicates that both proteins are involved in
initiation and have an important functional role. This view
is supported by experiments where it has been shown that
the initiator tRNA (but also other tRNAs) can be cross-
linked to these two ribosomal proteins (reviewed in Wower
et al., 1993).

Because we determined that a functional rpsi/3 gene
was absent from Arabidopsis mitochondria, a transfer to
the nuclear compartment was expected. However, the only
nuclear rpsi3 copy showing homology to eubacterial S13
sequences encodes the plastid equivalent of RPS13. While
the rpsi3 gene product is easily imported into chloroplasts,
import into mitochondria was not found. We therefore
conclude that a functional replacement of the missing
mitochondrial counterpart by the plastid S13 protein
is unlikely. The absence of RPS13 from Arabidopsis
mitochondrial ribosomes is further indicated by Western
blot analysis where no eubacterial-like S13 protein in



mitochondrial ribosomes was detected, either by using the
mitochondrial RPS13 antiserum or the plastid RPS13
antibody. Similar results have also been obtained by others
(Kumar et al., 1995). This result could be due to a highly
diverged rpsI3 sequence in the nucleus, coding for a
mitochondrial RPS13 which for that reason is undetectable
by both antisera.

Based on the knowledge of the interaction of the
bacterial RPS19 and RPS13 proteins, we propose that the
S19 RNP domain either works as suppressor of a highly
diverged RPS13 protein, or it replaces the probably missing
S13 in Arabidopsis mitochondrial ribosomes. The gain of
an additional RNA-binding motif by the S19 polypeptide
may compensate (or also induce) a putative sequence drift
(or loss) of the rpsi3 gene, and furthermore may allow a
stronger binding of S19 to ribosomal RNA and/or initiation
factors. A mutant in E.coli that lacks ribosomal protein
S13 does not show a clear phenotype (Dabbs, 1991);
however, omission of RPS13 from a reconstituted 30S
particle results in ~25% loss of ribosome activity
(Schwarzbauer and Craven, 1985). These observations
indicate that RPS13 is not absolutely essential for ribosome
function and may functionally be replaced by different
suppressor factors. Functional replacement by a cytosolic
counterpart, as has already been observed for a plastid
ribosomal protein (Bubunenko et al., 1994), also seems
unlikely, because the cytosolic RPS18 is not imported
into mitochondria and cannot be identified by immuno-
detection in this organelle. Degenerate oligonucleotides,
derived from the most highly conserved C-terminal part
that is conserved between S13 polypeptides of all compart-
ments, failed to detect additional eubacterial-like S13
sequences. If an active cytosolic homologue of S18 exists
in the nucleus of Arabidopsis, one that is able to replace
the mitochondrial S13, its sequence at both the nucleotide
and amino acid level is expected to have drifted far away
from that of the eubacteria-like ribosomal S13 protein.
Furthermore, the time available for such an enormous
sequence drift is not long enough because functional rpsi3
genes are still present in several mitochondrial genomes
of higher plants; therefore, gene transfer of rpsi3 from
the organelle to the nuclear compartment is expected to
have happened relatively recently.

A more general function of the RNP motif in mitochon-
dria, e.g. as import factor of tRNAs into mitochondria or
as a possible processing/splicing factor, cannot absolutely
be excluded; however, such functions seem unlikely
because this proposed RNA-binding domain sequence is
only conserved in the Arabidopsis genome (Figure 11).
Southern blot analysis of different higher plants revealed
that the sequence encoding the S/9 RNP motif is not
present in others and so may fulfil a very specific function
in Arabidopsis. In legumes the missing rps/3 gene may
be replaced in different ways, either by a chloroplast or
cytosolic counterpart, or by a functional mitochondrial S13
gene transfer as proposed for bean (Kumar et al., 1995).

The possibility that the S19 RNP domain acts as a
simple import signal for S19 is unlikely, because import
studies show that only a small part of the N-terminal
extension is cleaved off as signal peptide, while the RNP
domain remains fully intact. From our results we conclude
instead that the gain of this RNP domain is involved in
the functional replacement of ribosomal protein S13 in
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mitochondria of Arabidopsis, and therefore provides an
example of how the nucleus can replace organellar func-
tions by analogous functional domains and thereby gain
control over their regulation. Many of the observed exten-
sions of other ribosomal proteins may have arisen by a
similar process, where shuffling of otherwise well-proven
functional units can suppress or replace ancient functions.
The origin for most of these additional sequences is
unclear; in the case of the RNP domain described here,
however, it can be traced back to its ribosomal roots.

Materials and methods

Isolation of mitochondria

Mitochondria were isolated from potato tubers (Solanum tuberosum var.
Bintje) and suspension cell cultures of Arabidopsis thaliana by four 5 s
pulses in a high speed blender in extraction buffer containing 400 mM
mannitol, 1 mM EGTA, 25 mM tricine (pH 7.2), 10 mM B-mercapto-
ethanol, 0.2 mM phenylmethylsulfonyl fluoride (PMSF), 0.1% BSA and
subsequent filtering through two layers of miracloth. The filtrate was
spun at 2000 g for 15 min at 4°C to remove cellular debris, then at
15 000 g for 20 min at 4°C to pellet mitochondria. After several washes
in a buffer containing 400 mM mannitol, 10 mM tricine (pH 7.2), | mM
EGTA, 0.2 mM PMSF, mitochondria were layered onto a 14%-28%—
45% Percoll step gradient and spun at 70 000 g for 45 min in a Beckman
SW-28 rotor at 4°C. The interface band between 28% and 45% was
collected and washed several times.

Protein import into mitochondria and radiosequencing

For in vitro import studies the purified mitochondria were washed and
resuspended in a buffer containing 400 mM mannitol, 10 mM KH,PO,
(pH 7.2) and 0.1% BSA. The precursors of RPS19 and RPS13 were
synthesized from full-length ¢cDNAs of Arabidopsis in the vector
pBluescript by coupled transcription—translation in the presence of
[3*SImethionine according to the supplier’s instructions (Promega, Madi-
son, WI). The precursor of RPS18 was synthesized from a PCR fragment,
covering a full-length rps/8 cDNA, that was cloned behind the T7
promoter of the vector pCR II. Import assays contained 40 pl purified
mitochondria (10 mg protein/ml), 160 pl import buffer and 10 pl of the
reticulocyte lysate translation mix. Import buffer consisted of 250 mM
mannitol, 20 mM HEPES (pH 7.5), 80 mM KCl, 1 mM K,HPO,, | mM
ATP, 1 mM malate, 2 mM NADH and | mM DTT. Import was allowed
to proceed for 20 min at 10°C or 20°C. For protease treatment after the
import reaction 200 pg/ml proteinase K was added and samples were
incubated for 20 min at 20°C, then 1 mM PMSF was added and samples
were incubated for a further 15 min. For detergent solubilization, 1%
(w/v) Triton X-100 was added together with proteinase K (200 pg/ml).
Inhibition of mitochondrial import was tested by the addition of 1 pM
valinomycin. After the various import reactions were completed, mito-
chondria were repurified by centrifugation through a 25% sucrose
cushion. The repurified mitochondria were resuspended in loading
buffer and heated for 2 min at 100°C prior to fractionation on SDS—
polyacrylamide gels. After separation the radiolabelled products were
analysed by fluorography. For microsequencing, proteins were elec-
troblotted onto polyvinylidene difluoride (PVDF) membranes after SDS—
PAGE and sequenced by automatic Edman degradation on an Applied
Biosystems gas-phase sequenator (model 473A). Radiolabelled protein
bands were visualized on the PVDF membranes by autoradiography,
and then subjected to sequencing. To minimize non-specific release of
radioactivity, especially at step 1 of the Edman degradation, the mem-
branes were washed by omitting delivery of the coupling reagent.

Protein import into chloroplasts

Intact pea chloroplasts were isolated from pea leaves essentially as
described by Waegemann and Soll (1991). Import reactions were
performed in the light for 30 min at 25°C in a total volume of 200 pl
containing 10 pl of the RPSI13 translation assay, 3 mM ATP and
chloroplasts corresponding to 50 pg of chlorophyll. The chloroplasts
were pelleted, resuspended in 500 pl of 50 mM HEPES, 0.33 M
sorbitol (pH 8.0), and treated with thermolysin (100 pg/ml). Unbroken
chloroplasts were reisolated by centrifugation through a 45% Percoll
cushion at 4500 g for 10 min, and analysed by electrophoresis, followed
by fluorography.
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Isolation of nucleic acids, DNA sequence analysis

Isolation of nucleic acids and Southern blot hybridization has been
described previously (Schuster er al., 1988). Sequences were determined
by the dideoxy chain termination method (Sanger et al., 1977) using T7
DNA polymerase. Both strands of the DNA were sequenced. DNA
manipulations were carried out by standard techniques (Sambrook et al.,
1989). Computer analysis was performed on a VAX/VMS system using
the GCG package, version 8.1 (Madison, WI). The sequence data of
rps19 and rpsi3 have been deposited under accession numbers X77989
and X86734 in the EMBL Nucleotide Sequence database.

Screening for rps19 and rps13

Approximately 5X10° clones of a cDNA library (Uni-ZAP XR;
Stratagene, La Jolla, CA, USA) made from poly(A)+ mRNA of Arabi-
dopsis were screened with the Oenothera probes for rpsl9 and rpsi3
from Oenothera. Two degenerate oligonucleotides (5'-TGY TAY CGN
GGN ATN CGN CAY-3', 5'-TGY TAY AGR GGN ATN AGR CAY-
3"), derived from the highly conserved C-terminal part of RPS13, were
used to screen for S13 cDNA clones. Cloning of cDNAs and excision
of cDNA clones from positive phages was done according to the
manufacturer’s conditions. A genomic library of Arabidopsis, cloned
into the cosmid vector lorist X, has been screened for the rps/9 gene.
Fragments have been further subcloned for detailed analysis into the
vector pBluescript.

PCR analysis

For amplification of rps/8 cDNA sequences for in vitro translation the
following primers were used: 5'-CTG TGG TGG CGC CTC CAG A-
3" and 5'-AGA GAC TAG TTT TTG GAT TCA-3'. PCR was carried
out as already described (Schuster, 1994). PCR products obtained were
cloned into the vector pCR II using a TA cloning kit (Invitrogen)
and sequenced.

Ribosome isolation, overexpression of RPS19 and
immunological procedures

Ribosomes of E.coli were isolated by a method described by Spedding
(1990). Ribosome-enriched fractions of mitochondria and chloroplasts
were prepared by a method published by Mache et al. (1980) Preparation
of cytosolic ribosomes of Arabidopsis followed the protocol of Capel
and Bourque (1982).

The full-size of rps/9 was cloned in-frame into the expression vector
pET-15b and expressed according to the suppliers’ instructions (Novagen
Inc., Madision, WI). The overexpressed RPS19 was purified on Ni-NTA
resin (Quiagen Inc., CA) as described by the manufacturers, and
immunization of a rabbit was done according to a standard protocol
(Eurogentec, Belgium). Antibodies were affinity-purified on an RPS19-
Ni-NTA resin and used further for immunopurification of the Arabidopsis
mitochondrial S19 protein.

Immunoprecipitation of the in vitro-translated RPS18 and RPS19
polypeptides with antibodies directed against Arabidopsis RPS19 and
E.coli RPS13 followed the protocol of Friedrich et al. (1989). The
immunoprecipitated polypeptides were loaded on 15% SDS—polyacryl-
amide gels and electrophoresed. After electrophoresis, the gels were
fixed and treated with Amplify (Amersham). For detection of the
radiolabelled proteins, the gels were dried and fluorographed.
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