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Abstract RpslO, a gene coding for ribosomal protein SIO of 
Arabidopsis mitochondria has been transferred to the nuclear 
compartment, while in pea and potato the active rpslO is mito- 
chondrially located. The nuclear rpslO gene contains an intron at 
the junction of the target signal sequence and the mitochondrial- 
derived sequence, indicating that exon shuffling may have been 
involved in the addition of the transit peptide signal. Sequence 
comparison of Arabidopsis rpslO to the plant mitochondrial coun- 
terparts shows that the edited version is present in the nucleus of 
Arabidopsis. This finding corroborates RNA as an intermediate 
of a functional gene transfer between mitochondria and the nu- 
cleus. In vitro-translated RPSIO protein is efficiently imported 
into potato mitochondria and a presequence of about 7 kDa is 
removed resulting in a mature protein that is larger compared to 
organellar and bacterial RPSIO proteins. 
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1. Introduction 

The gene con ten t  of  mi tochondr ia l  genomes varies even be- 
tween related species (for review see [1]). This is mos t  obvious  
for r ibosomal  prote in  genes located on  the mi tochondr ia l  D N A  
(mtDNA) .  In an imal  m t D N A s  not  a single gene coding for 
mi tochondr ia l  r ibosomal  prote ins  is present  [2]. One r ibosomal  
prote in  gene (varl) is present  on  the yeast mi tochondr ia l  
genome [3], while the rest of  the expected 60-80 proteins is 
encoded in the nucleus and  impor ted  f rom the cytosol into the 
organelle (for review see [4]). In Marchantiapolymorpha sixteen 
genes coding for  r ibosomal  prote ins  have been identified on the 
mi tochondr i a l  genome f rom homology  to their  bacterial  coun-  
terpar ts  [5]. The organiza t ion  of  r ibosomal  prote in  genes in the 
l iverwort  is similar to the s i tuat ion found  in E. coli [6] but  differs 
in higher  p lants  where the genes are scattered far apar t  in the 
genome [7]. In po ta to  [8] and  pea [9], a mi tochondr ia l  gene 
coding for r ibosomal  prote in  SIO has  been identified recently. 
In bo th  species the gene seems to be funct ional ,  because a group 
II in t ron  located in the rpslO gene is spliced and  the m R N A  is 
edited [9,10]. In contrast ,  no  rpslO sequences have been found 
on the m t D N A  of Arabidopsis, raising the quest ion of  whether  
this gene has  been t rans loca ted  to the nuclear  c o m p a r t m e n t  or 
has been lost completely in this plant .  In Oenothera, a t ran-  
scribed pseudogene ofrpsl2 is still present  in the mi tochondr ia l  
genome,  while the funct ional  gene is encoded in the nucleus 
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[11]. The  most  extensively analysed example of  a funct ional  
gene t ransfer  was repor ted in legumes, where the cox2 gene has  
been t ransferred  to the nuclear  c o m p a r t m e n t  [12]. While  in pea 
an  active cox2 gene is present  in mi tochondr ia ,  the mi tochon-  
drial  copy in soybean is silent. In this p lant  the funct ional  
COX2 is provided by a nuclear  copy [13]. A similar s i tuat ion 
was found in cowpea, however,  the mi tochondr ia l  copy of cox2 
was removed completely f rom the m t D N A .  

Here we report  tha t  the gene coding for the mi tochondr ia l  
r ibosomal  prote in  SIO of  Arabidopsis thaliana has  been trans-  
ferred to the nucleus. We show tha t  rpslO is present  as a single 
copy gene and  describe by in vitro impor t  studies tha t  the 
prote in  is targeted to mi tochondr ia .  

2. Materials and methods 

2.1. Isolation of mitochondria and protein import into mitochondria 
Mitochondria were isolated from potato tubers (Solanum tuberosum 

var. Bintje) and suspension cell cultures of Arabidopsis thaliana by four 
5-s pulses on a high-speed blendor in extraction buffer containing 400 
mM mannitol, 1 mM EGTA, 25 mM Tricine (pH 7.2), 10 mM fl- 
mercaptoethanol, 0.2 mM phenylmethylsulfonyl fluoride (PMSF), 
0.1% BSA and subsequent filtering through two layers of miracloth. 
The filtrate was spun at 2,000 x g for 15 rain at 4°C to remove cellular 
debris, then at 15,000xg for 20 rain at 4°C to pellet mitochondria. 
After several washes in a buffer containing 400 mM mannitol, 10 mM 
Tricine (pH 7.2), 1 mM EGTA, 0.2 mM PMSF, mitochondria were 
layered onto a 14% 28%~45% Percoll step gradient and spun at 
70,000 x g for 45 min in a Beckman SW-28 rotor at 4°C. The interface 
band between 28% and 45% was collected and washed serveral times. 
For in vitro import studies the purified mitochondria were washed and 
resuspended in a buffer containing 400 mM mannitol, 10 mM KHaPO4 
(pH 7.2), and 0.1% BSA. The precursor of RPSIO was synthesized from 
a full-length rpslO cDNA of Arabidopsis in the vector pBluescript by 
coupled transcription/translation in the presence of [35S]methionine ac- 
cording to the supplier's instructions (Promega, Madison, WI, USA). 
Import assays contained 40/zl purified mitochondria (10 mg protein/ 
ml), 160 pl import buffer and 10/~1 of the reticulocyte lysate translation 
mix. Import buffer consisted of 250 mM mannitol, 20 mM HEPES (pH 
7.5), 80 mM KCI, 1 mM K2HPO4, 1 mM ATE 1 mM malate, 2 mM 
NADH, and 1 mM DTT. Import was allowed to proceed for 20 min 
at 10°C or 20°C. For protease treatment after the import reaction 200 
/~g/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 rain. For detergent solubilization, 1% (w/v) Triton X-100 
was added together with proteinase K (200/zg/ml). Inhibition of mito- 
chondrial import was tested by the addition of 1/IM valinomycin. After 
the various import reactions were completed mitochondria were repuri- 
fled 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 analyzed by fluorography. 

2.2. Isolation of nucleic acids, DNA sequence analysis 
Isolation of nucleic acids and Southern hybridization has been de- 

scribed previously [14]. Sequences were determined by the dideoxy 
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chain termination method [15] using T7 DNA polymerase. Both strands 
of the DNA were sequenced. Computer analysis was performed on a 
VAX/VMS system using the GCG package, version 8 (Madison, USA). 
The sequence data of rpslO have been deposited under accession num- 
ber X80694/ATRIBS10 in the EMBL Nucleotide Sequence database. 

2.3. Screening for rpsl0 
Approximately 5 x 10 5 clones of a cDNA library (Uni-ZAP XR; 

Stratagene, La Jolla, CA, USA) made from poly(A) + mRNA of Arab# 
dopsis were screened with the pea probe to isolate clones for rpslO. The 
cloning of cDNA and excision of rpslO cDNA clones from positive 
phages was done according to the manufacturer's conditions. 

2.4. PCR analysis of the genomic rpsl0 
The genomic rpslO sequence was amplified by polymerase chain 

reaction (PCR) as already described [16] by using the following primers: 
(1) 5'-GTCATTTCTTCGTCTCACCG-Y; (2) 5'-GAATCGCTATA- 
CAAATC-Y; (3) 5'-CCAAGAATACGATAACG-Y; (4) 5'-AAGTT- 
CGAAATTATTGC-3' (for location see Fig. 2). PCR products ob- 
tained were cloned into the vector pCRII using a TA cloning kit (In- 
vitrogen) and sequenced. 

3. Results and discussion 

3.1. Isolation o f r p s l 0  in Arabidopsis 
A probe of  rpslO (kindly provided by Dr. V. Knoop),  cover- 

ing the entire coding region of  the mitochondrial  gene of  pea 
[9], was used in probing a Southern-blot  to examine the pres- 
ence of  this gene in the mitochondrial  genome of Arabidopsis 
(Fig. 1). Based on this hybridization it appears that rpslO se- 
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Fig. h RpslO hybridizes to nuclear DNA ofArabidopsis thaliana. Mito- 
chondrial DNA (2 ¢tg; lane 1) and total DNA (10 /.tg; lane 2) of 
A. thaliana were cut with HindlII, electrophoresed in a 0.8% agarose 
gel, transferred to a Biodyne A membrane (Pal), and hybridized with 
the pea rpslO probe. Two signals of 1.5 kb and 8 kb are visible in the 
total DNA. 
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M I A G V L P R S S I 0  
GTCATTTCTTCGTCTCACCGTTG~TCTGAAAATGATCGCCGGAGTATTGCCCCGATCTT 60 
......... 2 ...... 

L P S R Q T L S A A L A S F N S C I S H 3 0  
CACTCCCGTCGAGGCAGACTCTCTCCGCCGCGTTAGCCTCCTTC~TTCGTGTATTTCGC 120 

N L T P A T T G A S V S S R F T L A S S 5 0  
AC~TCTCACTCCAGCCACCACCGGAGCTTCCGTCAGCTCTCGATTCACTCTCGCGTCGT 180 

P N S F G ~ R A R N I H I R S E P S M I 7 0  
CTCCT~CTCTTT~GCATCAGAGCGAGG~CATCCACATTAGATCTGAGCCGTCGATGA 240 

V P A G I A S Q G Y A T V T K D R K N E 9 0  
TTGTTCCCGCAGG~TCGCGTCAC~TTACGCCACTGTCACAAAGGATCGCAAAAACG 300 

I K K A K I K I S P D N V R P L S R K E I I 0  
AGATT~GAAAGCT~GATTAAAATTTCTCCAGAC~TGTCAGACCATTGAGTAGG~GG 360 

I A L Q 114 
AGATCGCTCTCCAGGTATA~CATTTTGTTCAAATTCATAG~TATTATTCAAAG~CTT 420 

CATCAGATTCAAATTCG~TAGG~TC~TGTGAAATTCATTGAAA~ATTTAG~CT 480 

K E A A E E I 2 0  
GTTGTTTATGTTGTTGTTGT~TT~GGGTTG~TTGTA~AAAGAGGCAGCAG~G 540 

S T S K I K G T K I C I A I R S F V N P I 4 0  
AAAGCACATCAAAGATAAAAGG~CAAAGATTTGTATAGCGATTCGGTCTTT~TT~CC 600 

T-~-- 2;-;-; 
E K Q A W C L P P  R M P D T R I 6 0  

CGGAAAAGC~GCTTGGTGTCTTCCTCCTCACACTCGTAAAGTCGC~TGCCCGATACAC 660 

T L Y T V L R S P H V D K K S R E Q F E I S 0  
G~CTCTGTACACGGTGCT~GATCGCCTCACGTCGAT~G~GTCTAGAG~CAGTTTG 720 

M R F K K R F L V I K A Q S H E L S K K 2 0 0  
AGATGAGGTTC~GAAACGGTTTCT~TCATCAAAGCTCAGAGTCATGAGTTGAGC~GA 780 

L F W L K R Y R I L G A Q Y E L Q F H C 2 2 0  
AGC~TTTTGGTTAAAACGTTATCGTATTCT~GAGCTC~TA~CTCCAGTTCCATT 848 

• ~ . . . . .  3 . . . . . . .  

K T R L D M T Q V L G N I N G S T T N A 2 4 0  
GC~GACCCGTTTGGATATGACTC~G~TTA~C~CATC~TGGCTCCACCACC~TG 900 

Y * 241 
CTTACTGAGATGGCTAAAGACATCATTTTGTAG~GTTTC~GACCC~CC~GTACTAT 960 

GC~T~TTTCG~CTTACGGATCCA~AAACCAGCTTTGCTTCACATCAGATC~GTAG 1020 
..... 4 ....... 

TTATTTTCTTGCTTAGTATAAACATGTGTTTTT~ACGATTTTGAAAGATAC~TTGAGT 1088 

T T C A G T T ~  1106 

Fig. 2. Structure and nucleotide sequence of rpslO in Arabidopsis thai# 
ana. (A) Shows a scheme ofrpslO and the location of the primers used 
in PCR to determine the genomic structure and sequence. The location 
of the intron is given by a hatched box. Restriction recognition sites are 
indicated for BamHI (B), HindlII (H), and XbaI (X). In (B) the nucle- 
otide sequence ofcDNA 8-1 is shown together with the intron sequence. 
The intron borders are underlined. The deduced amino acid sequence 
of RPSIO is given above the nucleotide sequence. Arrowheads indicate 
nucleotide positions that are edited from C to U in mitochondrial 
transcripts of pea and/or potato. The location of the primers (1-4) used 
in PCR analysis of the genomic rpslO structure are given below the 
sequence by arrows. 

quences have been completely lost f rom the mitochondrial  
genome in this plant and suggests that a gene transfer to the 
nuclear compartment  has taken place. The possibility of  a nu- 
clear localization of  rpslO is supported by the hybridization 
results obtained with total DNA.  While no signal is detectable 
in the m t D N A  the presence of  rpslO in the nucleus is indicated 
by two hybridizing fragments. In order to examine the putative 
nuclear rpslO gene, clones were isolated from an Arabidopsis 
c D N A  library using the mitochondrial  rpslO of  pea as a probe. 
Ten independant c D N A  clones were found that were polyad- 
enylated and showed high similarity to the mitochondrial  rpslO 
sequences of  potato  [10], pea [9], and Marchantia [5]. A putative 
start codon was identified near the 5' end of  the full-length 
c D N A  consensus sequence, and the following open reading 
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~TAKRTGAQVRGP~PL~RKERF~I~A~I~THL~LVD~ 76 
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A.thaliana 
P.sativum 
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E.coli 
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C.paradoxa 

~TT 
Q~M~S ~ . '" " , o  ~W~IMTQVLGNINGSTTNAY* 241 
EKH[m  IIV[iNINg FI iIIqI OKLORLL* zlo 
ERH~~_~Q~F~IL~S~~KGKLQRLL* 1 2 9  

ETETHK~RE~LHDL~V~VKII~YYQ~KVCKS* 10Z 
VEPTEKTVDA~MR~DLAAGVDV~IS~G* 103 
YOP KT D  LPAGVD  V * 105 
YLP~SKTIDT~TR~DLPAGVDVEVK~* 105 

Fig. 3. Amino acid comparison of RPSIO sequences. The cDNA-deduced amino acid sequence of RPSIO from Arabidopsis is larger than the 
organellar/cyanellar and bacterial counterparts. Sequences of the mitochondrial RPSIO of the liverwort Marchantia polymorpha (M. polymorpha) 
[5], Pisum sativum (P. sativum) [9], and Solanum tuberosum (S. tubersosum) [10], the cyanellar sequence of Cyanophora paradoxa (C. paradoxa) [24], 
the cyanobacterial sequence of Spirulina platensis (S. platensis) [25], and the eubacterial sequence of Escherichia coil (E. coli) [26] are shown. 
Homologous amino acids between the different RPSIO polypeptides are highlighted by inverse contrast. The vertical arrow shows the intron location 
in the rpslO gene of Arabidopsis. Amino acids changed by editing in plant mitochondrial transcripts of pea [9] and potato [10], that are likewise 
conserved in the Arabidopsis gene, are marked by arrowheads. The target signal sequence of the nuclear rpslO is indicated by gray shading. 

frame codes for a putative protein of 241 amino acids (Fig. 2). 
This reading frame is approximately 360 bp longer than all 
other known rpslO genes. The cDNA clones varied at the 5' end 
by 6 nucleotides due to incompletely synthesized cDNA. At the 
3' end poly(A) tails of different length and location were found 
(data not shown) indicating that different polyadenlyation sites 
are present. No further differences between the cDNA se- 
quences were found suggesting a single copy gene for RPSIO 
in Arabidopsis. This finding is supported by data from Southern 
blot hybridization (Fig. 1) where only two HindIII fragements 
of 1.5 and 8.0 kb were detected. Due to an internal HindII1 
restriction site in the rpslO gene (in combination with the inten- 
sity of the hybridization signals) we conclude that the Y-part 
is located on the 8.0 kb fragment whereas the 1.5 kb fragment 
encodes the Y-part. 

3.2. The structure o f  the rpsl0 gene in Arabidopsis 
To examine the gene structure of rpslO, we used different 

combinations of rpslO primers to amplify the genomic region 
by PCR (Fig. 2). The PCR products obtained from cDNA and 

genomic DNA differed by 230 nucleotides in the 5' terminal 
part of the gene (data not shown). The genomic PCR products 
were sequenced and revealed that a typical nuclear intron is 
located between the rpslO homologous part and the upstream 
region (Fig. 2). If this upstream region is translated from the 
first ATG codon of the mRNA, the rpslO gene of Arabidopsis 
would encode an N-terminal extension of approximately 120 
amino acids. This putative target signal is required to direct the 
protein back to mitochondria, and resembles all features of a 
mitochondrial transit peptide in having many hydroxylated 
amino acids, and few negatively and many positively charged 
residues [17]. Separation of the transit peptide sequence by an 
intron from the evolutionary conserved, organellar-derived 
gene part was likewise observed in the transfers into the nucleus 
of the mitochondrial cox2 gene in legumes [12] and of the 
plastid rpl22 in all flowering plants [18]. The location of an 
intron at the insertion border suggests that a form of exon- 
shuffling [19] may be involved in a functional gene transfer. By 
this gene structure either a random nuclear sequence could be 
optimized for encoding a mitochondrial targeting peptide by 
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Fig. 4. Import of RPSIO into isolated mitochondria from potato. In 
(A), the size differences between RPSIO of different species are shown 
schematically. The intron location in the Arabidopsis gene differs from 
the estimated processing site (indicated by a vertical arrow above the 
amino acid sequence) by 49 residues. Positively charged amino acids 
around the processing site of the RPSIO precursor are indicated. 
(B) shows the import of RPSIO into isolated potato mitochondria. In 
vitro-translated RPSIO precursor (Pre, p) of Arabidopsis is imported 
(Imp) into purified potato mitochondria. A polypeptide of 7 kDa is 
removed during the import process resulting in a mature (m) RPSIO 
of about 21 kDa that is resistant to proteinase K treatment (PrK). When 
mitochondria are lysed by the addition of Triton X-100 (Lys) the pro- 
tected protein is digested by proteinase K. Import of RPSIO is com- 
pletely abolished in the presence of valinomycin (+ Valinomycin). 

using alternative splicing sites, or, in a different scenario, the 
transferred gene could be put into different nuclear locations 
after the integration into the nuclear genome. This shuffling 
process would also allow to find optimal conditions for activat- 
ing the gene in the nuclear compartment by adding signals for 
transcription and regulation. 

3.3. The Arabidopsis gene corresponds to the spliced and edited 
rpsl0 sequence 

A typical organellar group II intron [20] is located in the 
rpslO gene of both, potato and pea. This group II intron is 
absent from the transferred rpslO sequence present in Arab# 
dopsis. Most likely this intron has been removed before gene 
transfer started, either on the RNA level by splicing or was 
already absent (or never present in this gene) at the DNA level. 
Amino acid comparison of RPSIO from Arabidopsis with its 
mitochondrial counterparts revealed that the edited version is 
present in the nucleus (Figs. 2B,3). In the rpslO of pea three 
RNA editing sites are observed in the coding region [9], each 
of which changes the polypeptide sequence to a more conserved 
mitochondrial ribosomal protein. All these codon positions are 
found as edited sequence in the Arabidopsis gene. Surprisingly, 

these edited codons are highly characteristic of mitochondrial 
RPSIO polypeptides. The unedited codons, however, would 
specify the amino acid conserved in the bacterial proteins. This 
finding strongly suggests the idea that RNA may act as interme- 
diate in the translocation of organellar sequences into the 
nucleus. 

3.4. In vitro import o f  RPSIO into potato mitochondria 
In order to analyse the import of RPSIO into the organelle, 

the precursor protein was incubated with isolated potato mito- 
chondria. Fig. 4 shows, that after incubation of RPSIO with 
isolated mitochondria, the precursor is converted to a smaller 
protein of about 21 kDa which may represent the mature 
polypeptide. This protein is resistent to added protease and 
represents the in vitro-imported form of the RPSIO polypep- 
tide. The protection was abolished when the potato mitochon- 
dria were solubilized with Trition X-100 prior to the protease 
treatment (Fig. 4B). Import into mitochondria requires a mem- 
brane potential, therefore addition of valinomycin inhibited the 
translocation of RPS10 through the mitochondrial membranes. 
From comparison of the amino acid sequences of RPSIO and 
the location of the intron in the Arabidopsis gene, a target signal 
sequence of about 14 kDa was expected, however, during the 
import process a target peptide of only 7 kDa was cleaved from 
the precursor protein. Therefore, the mature RPSIO of Arabi- 
dopsis is about 60 amino acids larger compared to the mito- 
chondrial and bacterial counterparts. This could mean that 
additional functions for this ribosomal protein may be encoded 
by the N-terminal extension. In yeast it has been shown that 
specific N- and C-terminal extensions of the ribosomal protein 
MrpS28 are required for respiratory growth [21]. These exten- 
sions are not encoded in the E. coli counterpart of Mrps28, 
namely rpsl5, and may encode specific functions required in 
yeast [22]. As RPSIO belongs to the tertiary binding proteins 
in ribosome assembly [23] it is more likely that the extended 
N-terminus is tolerated due to the location on the surface of the 
ribosome. 
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