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1 INTRODUCTION 
 

1.1 The mitochondrion 

1.1.1 The evolution of mitochondria 

According to the generally accepted endosymbiont theory mitochondria and 

chloroplasts are descendants of bacteria-like organisms. This theory was first 

developed for the origin of chloroplasts (Schimper, 1883), and subsequently for 

mitochondria (Wallin, 1927). By means of molecular biological analyses this theory 

has been essentially verified (Margulis, 1970; Gray, 1989; Gray, 1992). Based on this 

theory mitochondria have a common ancestor with aerobic α-proteobacteria (purple 

bacteria) that seem to have been embedded in a protoeukaryotic cell, a probably 

anaerobic single cell organism with high similarity to nowadays archaea. The 

symbiosis preadapted the cells to a change from a reducing to an oxidizing 

atmosphere about 1.5 billion years ago. The cells were now not only able to 

circumvent the toxicity of oxygen by metabolizing it into harmless by-products, but 

also to generate energy in a process called respiration (de Duve, 1996). The origin of 

plastids is based on a second symbiosis event, in which a progenitor of the present 

cyanobacteria was integrated into a eukaryotic cell. New studies provide evidence for 

a single origin of chloroplasts in red and green algae, from which the green plants 

evolved (Moreira et al., 2000; Palmer, 2000). An analogous singular origin of 

mitochondria is supported by several physiological and biochemical studies (Gray, 

1999a; Gray, 1999b).  

In recent years a new hypothesis has been proposed to explain the origin of 

eukaryotic cells (Martin and Müller, 1998). Based on comparing sequencing data 

from various genome sequencing projects, biochemical pathways and intracellular 

networks it is postulated that the ancestral host cell was an anaerobic, strictly 

autotrophic and strictly hydrogen-dependent cell. This cell with high similarity to 

present archaea is believed to have used geologic hydrogen for its methanogenic 

metabolism. With the source of geologic hydrogen steadily running dry the proto-

eukaryotic cells survived by starting a symbiosis with eubacteria based on syntrophy 

as a driving force for the initiation of the endosymbiontic process (Doolittle, 1998; 

Travis, 1998). In this model it is assumed that an anaerobic progenitor of extant α-
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proteobacteria excreted hydrogen and carbon dioxide as waste products of 

anaerobic fermentation. The archaean partner is supposed to have used the 

secreted hydrogen and carbon dioxide as sole sources for energy and carbon (Martin 

and Müller, 1998). The loss of hydrogen in the respective environment generated a 

selective force for a closer association between the two partners, which led to the 

endosymbiosis of the eubacteria like organism. With the change of the host cell from 

autotrophy to heterotrophy the dependence on hydrogen became decrepit. Therefore 

the use of increasing atmospheric oxygen in conjunction with respiratoric ATP 

synthesis is proposed to be an advantageous way out (Martin and Müller, 1998). 

Through these mechanisms the interactions became increasingly stronger and the 

morphology of the incorporated symbiont adapted. 

 

1.1.2 The mitochondrial genome 

In line with the above mentioned symbiosis events an active gene transfer has 

occurred between the different symbiont genomes. This transfer was mainly 

orientated towards the host cell nucleus, while some parts of the symbiont’s genome 

were lost. In an extreme case some organelles, the so-called hydrogenosomes, have 

completely lost their genome (Müller, 1993). The availability of numerous completely 

sequenced mitochondrial genomes (chondriomes) has contributed to confirm the 

eubacterial origin of mitochondria. The bacterial genome sequence with the highest 

similarity to mitochondria, Rickettsia provazekii (Andersson et al., 1998; Gray, 1998) 

and the most bacteria-like mitochondrial genome sequence of Reclinomonas 

americana (Lang et al., 1997) illustrate the evolutionary relationship between the 

mitochondrial genomes and its prokaryotic relative. The mitochondrial genome of 

Reclinomonas only contains 11.6% of the genes present in the Rickettsia genome, 

with 18 of the 97 genes to be unique among investigated mitochondrial sequences.  

In recent years substantiated progress has been made to elucidate the land plant 

mitochondrial genetic information. The completely sequenced mitochondrial genome 

of the Spermatophyte Arabidopsis thaliana contains 57 genes on 366,924 bp (Unseld 

et al., 1997). A similar amount of genes was found in the chondriome of Beta 

vulgaris, whereas the chondriome of the liverwort Marchantia polymorpha contains 

94 genes (Oda et al., 1992; Kubo et al., 2000). In the various eukaryotes 

mitochondrial genome sizes are highly variable, ranging from 15 to 17 kbp for animal 
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genomes (Anderson et al., 1981; Bibb et al., 1981) to 200 to 2,400 kbp for the land 

plant genomes (Ward et al., 1981; Palmer and Herborn, 1987). 

Although only a tiny fraction of the estimated total 2,900 mitochondrial proteins is 

encoded on the organellar DNA, they are essential for the function and maintenance 

of these organelles. Therefore the organelles have to contain a complete genetic 

system for the expression and inheritance of their genetic information.  

 

1.2 Transcription of the mitochondrial genome 

Transcription of the about 50 to 60 genes found in higher plant mitochondria has 

been studied by northern blot analyses, primer extension approaches and S1 

nuclease mapping. These studies revealed monocistronic as well as polycistronic 

transcription units. Some of the latter are conserved between a number of plant 

species. One example is the rpl5-rps14-cob tricistronic operon, which is present in 

pea, rapeseed, potato and in A. thaliana, with the latter two species containing rps14 

pseudogenes (Aubert et al., 1992; Brandt et al., 1993; Ye et al., 1993; Quiñones et 

al., 1996; Hoffmann et al., 1999). Referring to the complete mitochondrial genome of 

Arabidopsis thaliana more than 40 genes are located on clusters. As a consequence 

it is highly likely that many genes of the mitochondrial genome of Arabidopsis 

thaliana are transcribed within multipartite transcription units (Dombrowski et al., 

1998).  

As a consequence of the multicistronic transcription units the mitochondrial 

transcripts feature very complex mRNA patterns. Surprisingly, even solitary genes 

with no obvious transcription partner are often represented in multiple mRNAs. In 

vitro capping analyses of plant mitochondrial mRNA revealed the activity of multiple 

promoters, which contributes to the complexity of the transcriptome. Striking 

examples for genes transcribed into multiple RNAs are the atp9 and the cox2 gene 

from maize, which are transcribed from six and five promoters respectively. As a 

model for promoters in dicotyledonous plant mitochondria the pea atp9 promoter has 

been investigated in detail (Binder et al., 1995; Dombrowski et al., 1999). An 18 bp 

element ranging from –14 to +4 corresponding to the transcription initiation site (+1) 

was identified as a fully active promoter sequence with a highly conserved 

nonanucleotide motif ranging from position –7 to +2 and a well conserved motif 

termed AT-box from –14 to –9. The nonanucleotide motif encompasses a 5’-CRTA-3’ 
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tetranucleotide (-7 to -4) being part of almost all higher plant mitochondrial 

promoters. This accounts also for monocotyledonous mitochondrial promoters, which 

consist of a central domain (-7 to +5) and an upstream domain centered around 

positions -11/-12 (Rapp and Stern, 1993; Rapp et al., 1993).  

Transcription is most likely performed by a nuclear encoded phage-type RNA-

polymerase (Hedtke et al., 1997). As not all mitochondrial genes or transcription units 

are preceded by a nonanucleotide motif-like promoter, it is speculated that an 

additional class of RNA-polymerase exists in plant mitochondria. In Reclinomonas 

americana subunits of an bacteria-like RNA-polymerase were identified (Lang et al., 

1997), but till now it is unclear whether these genes are expressed in vivo. No 

homologous genes have been found in the chondriome of any other organism, 

suggesting that they have been lost during evolution.  

With the situation at the 5’ end of mRNAs becoming increasingly clearer, little is 

known about the termination of transcription. S1 nuclease protection experiments 

identified several transcript termini immediately downstream of inverted repeats, 

which can fold into stem-loop structures on the RNA level (Schuster et al., 1986). 

Consequently speculations arose that these structures could function as transcription 

terminators, similar to their function in bacteria (Lesnik et al., 2001). A functional 

analysis of the double inverted repeat of the pea atp9 gene in an in vitro transcription 

system revealed that mitochondrial transcription proceeds through this structure 

without impediments and gave no indication for transcription termination (Morikami 

and Nakamura, 1993; Dombrowski et al., 1997). A consecutive analysis of several 

other plant mitochondrial inverted repeats corroborated that these structures are not 

linked to termination of transcription (Kuhn and Binder, unpublished results). Until 

now it remains unclear how transcription is terminated in plant mitochondria. Further 

investigations of the pea atp9 inverted repeat uncovered that it acts probably as a 

processing signal and also contributes to the stability of the RNA (Dombrowski et al., 

1997). Such processing events, which also take place in the 5’ untranslated region of 

some genes further complicate the pattern of the corresponding transcripts described 

above (Binder et al., 1995). 
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1.3 RNA processing and degradation 

The term “RNA processing” includes a variety of procedures, where the structure as 

well as the sequence and herewith the information content of an RNA can undergo a 

crucial change. In conjunction with this pre-RNAs are maturing to functional 

ribosomal RNAs (rRNAs), transfer-RNAs (tRNAs) or translatable messenger RNAs 

(mRNAs). The processes linked to these changes are the editing of specific 

nucleotides (Brennicke et al., 1999; Giegé and Brennicke, 1999), the endonucleolytic 

cleavage of multicistronic precursors, the splicing of introns (Michel et al., 1989), 

endo- and exonucleolytic trimming of 5’ and 3’ ends (Binder et al., 1995; Dombrowski 

et al., 1997; Kunzmann et al., 1998) and the addition of non-encoded nucleotides to 

the 3’ end of mRNAs (cp. 1.3.2 to 1.3.4). For many of these processes the structural 

basis of the respective RNA is an important feature. As an example, inverted repeat 
sequences in the 3’ untranslated region (UTR) of many procaryotic and organellar 

mRNAs can form stable stem-loop structures, which seem to mediate between the 

stability and degradation of mRNAs (cp. 1.3.2 to 1.3.4). 

 

1.3.1 mRNA stability in the nuclear/cytosolic compartment of eukaryotes 

Similarly to prokaryotes and organelles, nuclear mRNAs undergo special processing 

events during and immediately after transcription. After the addition of a 7-

methylguanosine to the 5’ end (capping) the nascent pre-mRNA is cleaved 

endonucleolytically at an A-rich sequence in the 3’ UTR prior to the addition of the 

poly(A) tail (Flaherty et al., 1997; Proudfoot, 2001). After cotranscriptional splicing of 
the introns the mRNA gets mature with several proteins binding to it. The cap binding 

complex (CBC) attaches to the cap structure at the 5’ end and poly(A) binding 

proteins (PABP) get into close contact with the poly (A) tail prior to export of the 

ribonucleoprotein complex to the cytoplasm (Mitchell and Tollervey, 2000a). Binding 

of translation initiation factors, e.g. eIF4G to the CBC mediates in interaction with 

further factors the first round of translation of the gene. In advance of the subsequent 

rounds of translation the CBC is replaced by the translation initiation factor eIF4E and 

the PABP gets in close contact to eIF4G (Mitchell and Tollervey, 2001). This 

interaction results in the formation of a complex that is able to circularize the 

messenger RNA molecule in vitro (Wells et al., 1998). These processes are 
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interpreted as a proof-reading mechanism that enhances the recognition of intact and 

correctly processed mRNA by the translation machinery. 

Transient disruption of this complex is thought to allow deandenylation at the 3’ end 
through a deadenylating nuclease (DAN) and the following degradation of the mRNA 

may be performed in two alternative pathways. On the one hand the deadenylated 

mRNA triggers the removal of the protecting 5’ cap-structure with a subsequent 5’ to 

3’ exonucleolytic degradation of the mRNA. On the other hand a decay may occur 

independent of decapping. In this case a multiproteincomplex binds to the 3’ end and 

digests the mRNA exonucleolytically from 3’ to 5’. (Mitchell and Tollervey, 2000a). In 

the nucleus of Saccharomyces cerevisiae this complex, called the exosome consists 

of several 3’ to 5’ exonucleases as well as RNA-helicases (Mitchell et al., 1997; 

Mitchell and Tollervey, 2000b). Latest results indicate a functional link between the 

exosome and an mRNA decapping enzyme (Wang and Kiledjian, 2001). The 

interaction is suggested to take place after an almost 3’ to 5‘ degradation by the 

exosome and the remaining cap structure is hydrolyzed by the decapping enzyme 

DcpS. The exosome complex is also involved in the 3’ processing of the 5.8S 

ribosomal RNA, small nucleolar RNAs (snoRNAs) and small nuclear RNAs (snRNAs) 

(Allmang and Tollervey, 1998).  

For some mRNAs an alternative degradation pathway has been reported, in which 

independent of the adenylation status, the mRNA is cleaved endonucleolytically and 

afterwards degraded (Beelman and Parker, 1995). 

 

1.3.2 The regulatory mechanisms of mRNA stability in E. coli 

Analogous to the exosome in Saccharomyces cerevisiae and mammals, a major 

component of the RNA degradation in E. coli is the degradosome, a 

multiproteincomplex. As an important part of this complex the endoribonuclease E 

(RNase E) interacts with all other participating proteins. These proteins are bound to 

the C-terminal part of RNase E, whereas the catalytically active N-terminal part 

mediates the localization of the entire complex to the cytoplasmic membrane (Vanzo 

et al., 1998; Liou et al., 2001). The enzyme cleaves the mRNA substrates upstream 

of stabilizing stem-loop structures, which act as thermodynamically stable secondary 

structures in the rho-independent termination of transcription and which inhibit 3’ to 5’ 

exoribonucleases to degrade the RNA (Birnstiel et al., 1985; McLaren et al., 1991; 

Hajnsdorf et al., 1995; Nudler et al., 1995; Carpousis et al., 1999). Surprisingly 
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RNase E prefers a 5’ end for its activity, whereas monophosphorylated ends are 

preferred over triphosphorylated ends (Mackie, 1998). Circularized RNAs bearing 

well-characterized RNase E cleavage sites are resistant to cleavage of the enzyme in 

vitro and are about 4-6-fold more stable in vivo than their linear counterpart (Mackie, 

2000). Moreover, RNase E has an additional function in the maturation process of 5S 

and 16S rRNAs (Bessarab et al., 1998; Li et al., 1999). 

Polynucleotide phosphorylase (PNPase), the second major constituent of the 

exosome was identified to be associated with RNase E (Carpousis et al., 1994). It is 

one of the major single strand 3’ to 5’ exoribonucleases in mRNA decay. This 

phosphorolytic enzyme uses inorganic phosphate to remove nucleotides from the 3’ 

end, yielding nucleoside 5’ diphosphates (Deutscher and Reuven, 1991). The third 

component of the degradosome is an ATP dependent DEAD-box RNA-helicase, 

RhlB, which is responsible for the unwinding of internally structured regions that force 

enzymes such as the PNPase to pause during degradation (McLaren et al., 1991; Py 

et al., 1996). The function of enolase, a glycolytic enzyme and a further component of 

the degradosome are unclear up to now. That holds also true for the additional 

substoichiometrical components of the complex, the chaperons DnaK and GroEL and 

the polyphosphate kinase (PPK). The latter is thought to maintain an appropriate 

microenvironment on the basis of ATP and inorganic phosphate for the degradosome 

(Miczak et al., 1996; Blum et al., 1997). An mRNA degrading complex with the 

components described above has also been isolated from Rhodobacter capsulatus, 

an α purple bacterium (Jäger et al., 2001). 

Beside the degradosome other 3’ to 5’ exoribonucleases play major roles in mRNA 

degradation: RNase II accounts for about 90% of the exonucleolytic activity in E. coli 

and the oligoribonuclease, which is required to break down the remaining small 2-5 

nt long mRNA fragments (Ghosh and Deutscher, 1999; Steege, 2000).  

Polyadenylation has been believed for a long time to be associated exclusively with 

eukaryotic mRNAs, where extensions between 80 and 200 adenosines can be 

observed (Steege, 2000). Nevertheless, poly (A) tails have also been detected in 

bacteria (Hajnsdorf et al., 1995; O’Hara et al., 1995; Xu et al., 1995; Li et al., 1998). 

The polyadenylated RNA with a length between 10 and 50 nt accounts for only a very 

small fraction of the RNA population in the cell. This fraction increased several fold in 

mutant bacterial cells lacking exoribonuclease activities. Moreover, mRNA in cells 

lacking RNA polyadenylation have a dramatic increase in half-life time (Cohen, 
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1995). These results suggest that in contrast to the nuclear and cytoplasmic 

compartment of the eukaryotic cells, the addition of poly(A) tails to the 3’ end of 

bacterial mRNAs promotes their degradation. That applies also for mRNAs whose 3’ 

ends are sequestered in secondary structures (Blum et al., 1999; Carpousis et al., 

1999). The poly(A) tail is supposed to provide a toehold for PNPase and RNase II 

which then bind to the 3’ end of the RNA and efficiently initiate degradation. It has 

been suggested, that repeated polyadenylation and exonucleolytic attack could be 

required to overcome the secondary structures of certain intermediates (Coburn and 

Mackie, 1998). It should be noted, that polyadenylation is not restricted to mRNAs, 

but has also been observed at precursor and mature forms of rRNAs and small 

RNAs, although the functions of these adenosine extensions are unclear at present 

(Li et al., 1998; Mohanty and Kushner, 2000a). Beside homopolymeric tails 

consisting of adenosines also heteropolymeric tails with C, U and G residues 

occasionally occur in some stages of the cell cycle (Cao et al., 1996). 

The enzyme responsible for the posttranscriptional addition of poly(A) tails is the 

poly(A) polymerase I (PAPI), which accounts for about 90 to 95% of the poly(A) tails 

in wild type E. coli (August et al., 1962; Cao and Sarkar, 1992; O’Hara et al., 1995; 

Mohanty and Kushner, 1999). Recently poly(A) polymerase activity was also reported 

to the PNPase, which seems to add non-encoded nucleotides to the 3’ end of various 

RNAs (Mohanty and Kushner, 2000b). 

Analogous to the interaction of poly(A) binding proteins with other proteins of the 

nuclear/cytosolic ribonucleoprotein complex, such an interaction has been shown for 

poly(A) binding proteins and components of the degradosome in E. coli (Feng et al., 

2001). One class of these proteins, CspE, impede the exonucleolytic decay of 

PNPase and inhibit internal cleavage through RNase E. The second class, the 

ribosomal protein S1, seems to link the functions between degradation and 

translation in prokaryotic cells. This theory is further supported by the finding, that 

polyadenylation of mRNAs does not effect protein synthesis in vitro (Lee and Cohen, 

2001), raising the possibility that poly (A) tails, while accelerating the decay of 

mRNAs, also lead to a compensatory increase in translation efficiency. 

 

1.3.3 mRNA processing and degradation pathways in chloroplasts 

Most plastid RNAs undergo extensive processing, since many of them are part of 

polycistronic transcription units, which have to be converted into monocistronic 
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transcripts to increase translation efficiency and to allow an individual regulation of 

transcript stability (Barkan, 1988; Westhoff and Herrmann, 1988; Kim et al., 1993).  

For many plastid mRNA molecules a processing step at the 5’ end seems to be an 

important step. For example the barley rbcL mRNA has to be cleaved 

endonucleolytically in the 5’ UTR to associate with polysomes (Reinbothe et al., 

1993). The same applies for the rbcL, psbA, psbB, psbD and the petD transcripts in 

Chlamydomonas reinhardtii chloroplasts (Sakamoto et al., 1994; Shapira et al., 1997; 

Bruick and Mayfield, 1998; Nickelsen et al., 1999; Vaistij et al., 2000). Concerning the 

petD transcript, a 5’ to 3’ exonucleolytic activity has been described to generate a 

mature transcript (Drager et al., 1998; Drager et al., 1999). Moreover several 

analyses suggest that almost all mRNAs are processed at the 5’ end in 

Chlamydomonas reinhardtii, since in vitro capping is not possible due to the lack of a 

triphosphate at the 5’ termini (Monde et al., 2000). Up to now no specific enzyme 

responsible for the 5’ processing has been identified, whereas several proteins with 

5’ UTR binding activity were found (Alexander et al., 1998; Monde et al., 2000). 

These proteins are thought to mediate stabilizing and translation activating influences 

on the respective mRNAs. 

The 3’ processing of plastid mRNAs plays an important role for the realization of the 

genetic information. Like in E. coli, most plastid mRNAs have inverted repeats in their 

3’ UTR, which are supposed to form stem-loop structures. In contrast to bacteria 

these structures are not involved in transcription termination in vitro and in vivo (Stern 

and Gruissem, 1987; Stern et al., 1989; Rott et al., 1996). Although most plastid 

mRNAs have homogeneous 3’ ends about 3 to 10 nt downstream of the stem-loops 

(Stern and Gruissem, 1987; Hayes et al., 1996; Rott et al., 1998a). The removal of 

excessive nucleotides resulting from transcription occurs in a two-step reaction. After 

an endonucleolytic cleavage about 10 to 20 nt downstream of the stem-loop the 

remaining nucleotides are removed in a 3’ to 5’ exonucleolytic reaction (Stern and 

Kindle, 1993; Hayes et al., 1996). This maturation step has to be fulfilled quite 

thoroughly, because the lack of the hairpin results in fast degradation of the transcript 

and only mRNAs with a correct 3’ end are translated further on (Drager et al., 1996; 

Rott et al., 1998b).  

Apart from several proteins like RNP 28, RNP 33 or RNP 55 binding to the 3’ UTR 

and the stem-loop structure, a high molecular weight complex (HMW) could be 

enriched from spinach chloroplasts, which seems to be responsible for the correct 3’ 
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processing (Stern et al., 1989; Chen and Stern, 1991a; Schuster and Gruissem, 

1991; Chen et al., 1995; Hayes et al., 1996). The complex contains a protein with a 

molecular mass of 100 kDa, which was identified as a 3’ to 5’ exonuclease with high 

similarity to the PNPase from E. coli (Hayes et al., 1996). The complex with a 

molecular mass of 580 to 600 kDa has recently been shown to consist of a homo-

multimer of several PNPase proteins, which is quite distinct from the E. coli 

degradosome (Baginsky et al., 2001). In this approach no other chloroplast proteins 

were found to associate with chloroplast PNPase during affinity chromatography. 

Moreover, a protein with a molecular mass of 67 kDa, which was suggested to 

correspond to the RNase E from E. coli, was identified as the α and β subunit of the 

chloroplast chaperon GroEL (Hayes et al., 1996; Baginsky et al., 2001). To date, the 

endonucleolytic activity described by Hayes et al. (1996) has not been substantiated 

on the protein level. Furthermore, a database analysis of proteins homologous to E. 

coli RNase E revealed that the respective proteins lack the C-terminal domain of the 

E. coli protein that serves as a platform for the assembly of the degradosome in E. 

coli (Vanzo et al., 1998; Baginsky et al., 2001). Taken together, RNA processing and 

degradation differ in several aspects between chloroplasts and E. coli.  

Despite the differences, similarities were observed in terms of polyadenylation. In 

chloroplasts non-encoded poly (A) tails of about 45 nt length were initially 

demonstrated in maize (Haff and Bogorad, 1976). The positions of the 

polyadenylation were later determined to be mainly upstream of the 3’ inverted 

repeat and at the mature 3’ end (Kudla et al., 1996; Lisitsky et al., 1996). Unclear is 

at present the length and composition of the extensions. Detailed analyses have only 

been performed in Chlamydomonas chloroplast, where almost homopolymeric (>98 

% adenine) extensions between 5 and 85 nt in length were found (Tomine et al., 

2000). Poly (A) extensions were not only observed at mRNAs, but were also found at 

tRNAs and rRNAs (Tomine et al., 2000). Like in E. coli polyadenylation in 

chloroplasts seems to destabilize RNA molecules at least in vitro (Kudla et al., 1996; 

Lisitsky et al., 1997a). This is consistent with the finding that the blocking of 

polyadenylation inhibits mRNA degradation (Lisitsky et al., 1997b). It is remarkably 

that PNPase has a much higher affinity for polyadenylated versus non-

polyadenylated RNAs (Lisitsky et al., 1997a).  

Concerning a polyadenylating activity in chloroplasts, PNPase is discussed as the 

only activity being able to polyadenylate mRNA molecules, since the polyadenylating 
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activity could not be separated from the PNPase activity during purification (Yehudai-

Resheff et al., 2001). This is, however completely contradictory to former results of 

the same group, where a separation of a polyadenylating activity and the PNPase 

was reported (Lisitsky et al., 1996). The existence of a poly(A) polymerase (PAP) like 

enzyme is not yet verified, although such an enzyme is postulated (Lisitsky et al., 

1997a). 

The degradation of chloroplast mRNAs is like in E. coli supposed to be initiated with 

endonucleolytic cleavages of RNAs, what is substantiated with the enrichment of 

intermediates during blocking of exonuclease activities and the positions of the 

poly(A) tails added to free 3’ ends (Klaff, 1995; Kudla et al., 1996; Lisitsky et al., 

1996). Several enzymes were postulated and characterized, which are involved in 

the endonucleolytic cleavage of transcripts (Chen and Stern, 1991b; Kudla et al., 

1996; Yang and Stern, 1997). The fragments of the endonucleolytic digestion are 

polyadenylated and supposed to be degraded rapidly through 3’ to 5’ exonucleases, 

whereas the inverted repeat structure is supposed to be degraded in a 5’ to 3’ 

exonucleolytic direction (Monde et al., 2000). 

 

1.3.4 mRNA turnover in mitochondria 

The steady state levels of plant mitochondrial mRNAs are most likely determined by 

a combination of transcriptional rates and the stability of the transcripts (Giegé et al., 

2000). The latter is influenced by processes involving RNA secondary structure 

elements, which function as processing signals and stability elements. As in bacteria 

and in chloroplasts, these elements consist of inverted repeats able to form stem-

loop structures. Such inverted repeats have been identified in the 3’ non-translated 

regions of several plant mitochondrial genes, and the localization of 3’ mRNA termini 

immediately downstream of these structures raised the possibility that they function 

analogous to those in bacteria and chloroplasts (Dewey et al., 1986; Schuster et al., 

1986; Morikami et al., 1987; Bonen and Bird, 1988; Wahleitner and Wolstenholme, 

1988; Gualberto et al., 1990; Liu et al., 1992; Dell’Orto et al., 1993). The presence or 

absence of such stem-loop structures in otherwise almost identical cob transcripts 

correlates with differing steady state abundances in certain rice and wheat lines, 

implicating a function of these stem-loops in transcript stabilization (Kaleikau et al., 

1992; Saalaoui et al., 1990).  
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A detailed functional analysis of the pea atp9 inverted repeat revealed no function of 

the double stem-loop as transcription terminator at least in vitro (Dombrowski et al., 

1997). Analogous results were obtained in studies with respective structures located 

in the 3’ UTR of the Oenothera atp1 gene, the Oryza cob-I gene and the potato atp9 

gene (Kuhn and Binder, unpublished results). In vitro processing assays of the pea 

atp9 double stem-loop suggested its involvement as a processing signal and stability 

element, since the 3’ ends of the processing products coincide with those mapped in 

vivo (Dombrowski et al., 1997).  

Beside these stabilizing processes there are also degradation-promoting 

mechanisms operative in plant mitochondria. Recently the degradation of CMS-

related atp1-orf522 transcripts in sunflower was shown to be correlated with 

preferential polyadenylation of this (Gagliardi and Leaver, 1999). Shortly later 

polyadenylation of cox2 transcripts was reported in maize mitochondria, where non-

encoded adenosines were found to be added at multiple sites throughout the 

transcript, with 2 major sites coinciding with mapped 3’ ends (Lupold et al., 1999). In 

this case the destabilizing effect of the polyadenylation was very weak in vitro. In 

turn, a relatively strong stimulating effect of polyadenylation on atp9 mRNA 

degradation was observed in potato mitochondria, where a 3’ to 5’ exonucleolytic 

activity is not significantly impeded by secondary structures present in RNA 

substrates (Gagliardi et al., 2001). 

In contrast to all other genetic systems, where several components of the processing 

complex have been identified and characterized, virtually nothing is known about the 

constituents of the RNA processing machinery in plant mitochondria. In yeast 

mitochondria, an RNA helicase called SUV3 is part of a degradosome-like complex, 

that includes also an exoribonuclease and that may control mRNA stability in these 

organelles (Stepien et al., 1992; Anderson and Parker, 1996; Margossian et al., 

1996; Carpousis et al., 1999). The interaction of such a putative multi-protein 

complex with an AU-rich dodecamer motif in the 3’ UTR determines whether a 

transcript gets degraded or stabilized. The 3’ ends of all stable and processed 

mRNAs is mapped exactly at the dodecamer motif implicating an accurate 

processing step with an endonucleolytic removal of the downstream sequence being 

very likely  (Min and Zassenhaus, 1993; Margossian and Butow, 1996). Similar to 

above mentioned genetic organisms short oligo(A) tails were detected at the 3’ end 

of RNAs in yeast mitochondria, being about 8 nt long and predominantly located at 
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the large rRNAs (Yuckenberg and Phillips, 1982). However, the appearance and 

function of such proteins and RNA modifications in plant mitochondria remains to be 

determined, since RNA processing in mitochondria of plants and yeast seems to be 

different.  
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1.4 Objective of the study 

In this thesis polyadenylation of several plant mitochondrial mRNAs should be 

analyzed in different species of dicotyledonous plants. A possible function of the 

polyadenylation should be investigated in in vitro processing assays. To gain an 

insight into the enzymatic activities involved in the addition of these extensions, it 

was aimed to identify the lengths and composition of mRNA 3’ ends. In addition the 

analysis of the several transcript extremities by alternative methods should give 

general informations about the structure and formation of 3’ ends and the addition of 

non-encoded nucleotides.  

Beside the structure of the RNAs, proteins potentially involved in plant mitochondrial 

3’ processing and RNA stability should be identified and studied. 
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2 RESULTS 
 

In the present thesis the analysis of plant mitochondrial processing events at the 3’ 

and the 5’ terminus is followed in four approaches. After the identification and 

characterization of the putative RNA-helicase AtSUV3 in Arabidopsis thaliana the 

occurrence and the role of polyadenylated mRNAs on transcript stability was 

investigated for the atp9 gene from Pisum sativum and the atp1 gene from 

Oenothera berteriana. In this context the composition and the lengths of non-

encoded extensions could be elicited in pea mitochondrial atp9 transcripts in vivo. 

During these analyses a covalent linkage between 5’ and 3’ transcript termini of the 

two genes was detected. On the basis of this finding a new method for the 

simultaneous mapping of 5’ and 3’ ends and the detection of non-encoded 

nucleotides at the 3’ end of the respective transcript was established. 

 

2.1 An mRNA helicase (AtSUV3) is present in Arabidopsis thaliana 
mitochondria 

Since the proteins involved in mitochondrial mRNA processing and degradation have 

yet to be identified, an RNA helicase was identified on the basis of significant 

similarity to an already characterized protein from yeast mitochondria (SUV3) (cp. 

1.3.4; Gagliardi et al., 1999, reprint see 6.1.1). A suv3 homologue sequence was 

found on chromosome VI of Arabidopsis thaliana, sharing 39% and 45% identical 

amino acids with the yeast and human homologues, respectively (Altschul et al., 

1997; Gagliardi et al., 1999, Fig.1). Therefore the identified gene was termed atsuv3. 

Since no EST sequence corresponding to the predicted atsuv3 gene was available, a 

cDNA was amplified with primers at the respective ends of the predicted coding 

region resulting in a reading frame of 1290 bp. Sequencing of the amplified product 

confirmed the computer predictions, with only the first intron extending 120 bp further 

downstream and the 5’ end of the fourth intron being situated 50 bp further 

downstream. As a large part of the C-terminus was missing in AtSUV3 in comparison 

to SUV3 sequences of other organisms a 3’ RACE analysis was performed. This 

identified seven additional exons eliminating the predicted stop codon and extending 

the orf to 1713 bp with a calculated molecular mass of 63.6 kDa. To verify the 

predictions and cDNA sequencing a stringent Southern blot analysis was performed, 
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in which the single genomic location was confirmed with the fragments of the 

digested DNA matching exactly the computer predictions (Gagliardi et al., 1999, Fig. 

2). Although the AtSUV3 protein is between 76 and 215 amino acids shorter than the 

homologues from yeast, human or nematode, all domains of a typical DExH RNA 

helicase are present in the central part, which is well conserved between all 

mentioned organisms. To study the expression of the atsuv3 gene Northern blot 

analyses were carried out with 10 µg total RNA and 5,7 µg mRNA from A. thaliana 

total plants. Only a faint signal corresponding to an atsuv3 transcript with a size of 

2.3-2.5 kbp could be detected in the fraction of poly(A)+ RNA, indicating a very weak 

expression of this gene (Gagliardi et al., 1999, Fig. 3a). In order to confirm the 

transcript size resulting from Northern blot and 3’ RACE analyses primer extension 

experiments were performed initiated from an oligonucleotide annealing 40 bp 

downstream of the initiation codon. A major product of about 540 nt upstream of the 

initiation codon is consistent with a total size of the transcript of 2.5 kbp (Gagliardi et 

al., 1999, Fig 3b). All experiments described were done by myself with basic 

assistance of Ulrike Spadinger. 

Dominique Gagliardi undertook additional experiments to further characterize the 

protein. To proof the mitochondrial localization of the AtSUV3 protein, he performed a 

cell fractionation experiment with transgenic plants expressing a fusion protein 

consisting of the AtSUV3 N-terminal region and the reading frame of the 

glucuronidase reporter gene. Distribution of the GUS protein and its activity with the 

parallel detection of mitochondrial marker proteins in the discrete cell fractions clearly 

localizes the AtSUV3 protein in mitochondria of Arabidopsis thaliana and Solanum 

tuberosum (Gagliardi et al., 1999, Fig.4). This localization has been verified through a 

transient protoplast transformation with a construct consisting of a fusion of the 5’ 

part of the atsuv3 cDNA and the reading frame for the expression of a green 

fluorescence protein (GFP) (Kuhn and Binder, unpublished results). The 

conservation of all major sequence elements of DExH RNA helicases, including an 

ATP-binding domain (amino acids 96 to 103), suggests a function of the AtSUV3 

similar to the SUV3 in yeast. After overexpression of AtSUV3 in E. coli the enzyme 

showed an ATP hydrolysis activity in dependence of mitochondrial RNA clearly 

indicating an ATPase characteristic for RNA helicase (Gagliardi et al., 1999, Fig 5). 

 

 



RESULTS 

 17

2.2 Transcript lifetime is balanced between stabilizing stem-loop 
structures and degradation-promoting polyadenylation in plant 
mitochondria 

To elucidate the mechanisms of RNA processing in plant mitochondria, 

polyadenylation and its effects on transcript stabilities was investigated in Pisum 

sativum and Oenothera berteriana. 

The pea atp9 gene is transcribed into three different mRNA species with different 5’ 

termini but identical 3’ ends. The latter have been mapped in two independent 

nuclease S1 protection experiments within or immediately downstream of the second 

of two consecutive inverted repeats (Morikami and Nakamura, 1993; Dombrowski et 

al., 1997; cp. 1.3.4). To investigate whether non-encoded poly(A) tails are present at 

these transcript termini, 3’ RACE analyses including two rounds of PCR with an oligo 

d(T) adapter primer and two nested atp9 specific primers were performed with total 

pea mitochondrial RNA (Kuhn et al., 2001, Fig 1; reprint see 6.1.2). In 18 clones non-

encoded poly(A) tails were identified exactly at previously mapped 3’ ends. All 

cDNAs contain a C to U exchange at position +20 relative to the translation start 

codon (+1) originating from an RNA editing event. In four clones non-encoded 

cytidine, guanosine and thymidine nucleotides were found. The 3’ RACE analysis 

was done with the assistance of Ulrike Tengler.  

A similar result was obtained in an analogous analysis of Oenothera atp1 transcripts. 

In eleven cDNA clones the addition of poly(A) tails was found mainly downstream of 

the second inverted repeat, corresponding exactly to previously mapped 3’ termini 

(Schuster et al., 1986; Kuhn et al., 2001, Fig.2).  

In recent studies it was suggested, that transcripts with poly(A) tails decrease mRNA 

stability in plant mitochondria (Gagliardi and Leaver, 1999; Lupold et al., 1999). This 

effect would counteract the function of the double stem-loop, which was found to act 

as a stability element (Dombrowski et al., 1997). To test the effect of polyadenylation 

on the stability of transcripts containing an inverted repeat structure, synthetic 

transcripts of the pea atp9 3’ UTR were incubated in a pea mitochondrial in vitro 

processing system (Dombrowski et al., 1997). One transcript had an extension of 20 

adenosines immediately downstream of the stem-loop, whereas the other transcript 

had a tail of the same length corresponding to genomically encoded nucleotides. 

Products were separated with polyacrylamid gel electrophoreses. In contrast to non-

polyadenylated RNA, where a single product with a size of about 70 nt can be 



RESULTS 

 18

observed after 60 minutes, an effective removal of the poly(A) extensions is seen 

already after 10 minutes. In contrast to the non-polyadenylated transcript, processing 

of the polyadenylated transcript results in two products of different sizes, indicating 

the occurrence of a processing intermediate (Kuhn et al., 2001, Fig.3). A similar 

processing pattern was observed in an identical approach with Oenothera atp1 

transcripts (data not shown). 

The precise 3’ ends of the atp9 in vitro processing products were determined by an 

alternative 3’ RACE approach. Here anchor primers were directly ligated to the 3’ end 

of the processed RNAs, followed by an RT-PCR analysis initiated with an 

oligonucleotide complementary to the anchor primer (Kuhn et al., 2001, Fig.4). This 

experiment revealed, that the 3’ ends generated at the non-polyadenylated precursor 

are scattered over a broad range. The majority of the 3’ termini are located in the 

previously mapped region of the atp9 gene. The 3’ ends of the smaller products 

resulting from the polyadenylated precursor coincide with the ends seen without 

poly(A) tail. The larger products generated from the polyadenylated precursor are 

degradation intermediates with 3’ ends downstream of the second stem-loop. About 

50 % of these clones contain one non-encoded adenosine, indicating that the poly(A) 

tail is not completely removed. The products observed after 60 minutes are slightly 

shorter. Their 3’ ends are located within the second stem of the inverted repeat, 

indicating a further degradation upon longer incubation in the processing lysate. 

To investigate the temporal dynamics of the in vitro processing and to elucidate the 

possibility, whether the intermediate processing product is generated 

endonucleolytically, processing of polyadenylated precursor was followed over a 

period of 90 minutes (Kuhn et al., 2001, Fig.5). Already after one minute a diffuse 

smear indicates an exonucleolytic degradation of the precursor. From 2.5 minutes 

on, the processing intermediate described above can be observed with the highest 

abundance after 10 minutes. Further incubation results in a shortening and 

disappearance of the intermediate, coming along with a persistent increase of the 

smaller processing product with a maximum abundance after 60 minutes. The 

observed progression strongly suggest an exonuclease to remove the downstream 

part of the precursor with a stalling not only in the inverted repeat, but also at the 

transition from the poly(A) stretch to the genomic sequence. 

To investigate the stabilizing function of the stem-loop structure during the formation 

of the different processing products, polyadenylated and non-polyadenylated RNAs 
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without a stem-loop were tested in the in vitro processing system (Kuhn et al., 2001, 

Fig.6). The substrate without stem-loop and poly(A) tract is consecutively degraded 

without formation of any stable intermediate, indicating that the stem-loop is indeed 

responsible for the generation of stabilized products. In contrast, the presence of the 

poly(A) tail consisting of 21 adenosines substantially accelerates the complete 

turnover of the precursor RNA. Again a weak intermediate results from a stalling at 

the transition from the poly(A) tract to the “normal” sequence. 

To further pursue the assumption that an exonuclease activity is responsible for the 

3’ to 5’ degradation, the non-polyadenylated atp9 precursor was labelled either at the 

5’ or the 3’ end and the substrates incubated in the in vitro processing system. While 

a product of the expected size is seen with the 5’ labelled substrate, the 3’ labelled 

products disappear without formation of detectable processing products implicating 

that indeed a 3’ to 5’ exoribonuclease takes part in the 3’ processing event. 

In order to analyze the identity of the non-encoded nucleotides and the length of the 

extensions in vivo, anchor primers were ligated directly to the 3’ ends of total steady-

state mitochondrial RNA from pea. The products of the following RT-PCR initiated at 

an oligonucleotide complementary to the anchor primer were cloned and analyzed 

(Kuhn et al., 2001, Fig.7 & 8). From 39 clones sequenced, 13 contain 3’ non-encoded 

nucleotides at sites mapped previously as 3’ termini. Extensions no longer than three 

nucleotides were observed, consisting of adenosines but also of other nucleotides, 

predominantly cytidines. RNA fragments deriving from 18S rRNA or the 5’ UTR of the 

atp9 transcript seem to be most likely coincidentally ligated to the 3’ ends. 

Since only short extensions up to three nucleotides are found in the alternative 3’ 

RACE approach, the question arose whether these extensions are indeed so short 

and fully functional or whether they are the result of the processing reaction. 

Therefore substrates without inverted repeat containing 0, 3, 10 and 21 adenosines 

were incubated in the pea mitochondrial lysate. While both 10 and 21 adenosines 

significantly accelerate degradation, no effect is observed with shorter poly(A) tracts 

(Kuhn et al., 2001, Fig.8). Analogous results were obtained with substrates 

containing inverted repeats. These results suggest that the short extensions detected 

in vivo are the products of processing and/or degradation. 
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2.3 5’ meets 3’: head to tail joined mRNAs in plant mitochondria 

While investigating the in vivo 3’ termini of the pea atp9 mRNAs by ligating an anchor 

primer directly to the 3’ end, two cDNA clones were detected, deriving from 

transcripts where the 5’ moiety of a pea atp9 mRNA is connected to the 3’ part of the 

same transcript (Kuhn et al., 2001; cp. 2.2). Since these clones were obtained in 

independent ligation and amplification reactions and even from different RNA 

preparations, it seemed highly unlikely that the extremities of the same transcript are 

incidentally connected by T4 RNA ligase used in the experiment. To investigate 

whether such head to tail joined pea atp9 transcripts exist in vivo, an RT-PCR 

analysis was carried out. The cDNA synthesis was initiated from 5’ sequences 

followed by an amplification reaction across the potential 5’ to 3’ linkage (Kuhn and 

Binder, manuscript, Fig.1; cp. 6.1.3). The first amplification generated products of 

various sizes. Since a product of about 390 bp is expected upon linkage of the 

previously mapped 5’ and 3’ ends PCR products with sizes between 300 and 500 bp 

were recovered from the gel and used as template in two different additional 

amplification reactions. The products of the nested PCR approach were cloned and 

sequenced. 

The analysis of 29 clones indeed revealed the in vivo existence of 5’ to 3’ end joined 

pea atp9 mRNAs (Kuhn and Binder, manuscript, Fig.2). In 15 clones the 5’ terminus 

is found at position -136 relative to the start codon. In five clones the 5’ end is located 

at position -135, in 3 clones at position -118 and the remaining 6 clones scatter from -

134 to -12. In 22 clones the 5’ part is joined to 3’ termini located directly downstream 

of the second inverted repeat or within the downstream part of the second repeat as 

mapped previously (Kuhn et al., 2001). The 3’ ends of the residual clones are found 

in the downstream loop, a single clone contains a 3’ terminus in the first stem. 

Beside head to tail conformation of the mRNAs, the sequences of 16 clones revealed 

the presence of non-encoded nucleotides, mostly two to three adenosines, while a 

cytidine or guanosine are only found in single clones. These data are consistent with 

results found in previous studies (Kuhn et al., 2001). Since also a substantial amount 

of clones were found without non-encoded nucleotides their presence seems to be 

independent from the formation of head to tail joined transcripts.  

To investigate these findings on a wider basis the analysis was extended to atp1 

transcripts from Oenothera. An analogous strategy identified head to tail atp1 mRNA 

in mitochondria of this plant species (Kuhn and Binder, manuscript, Fig.4). From 32 
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clones sequenced only a single cDNA contained a 5’ moiety starting with the 

transcription initiation site (-209). All other clones contain 5’ ends starting at positions 

-134 to -131 indicating a new 5’ end. The termini of the 5’ parts of the four remaining 

clones coincide with nucleotides -199, -72 and -7. The 3’ ends detected in this 

approach can be divided into two categories. They are either located directly 

downstream of the double stem-loop or in the first loop of the upstream stem-loop. 

The former ends, which were found in 22 clones are consistent with previously 

mapped 3’ ends, while the latter ends have not been described before (Kuhn et al., 

2001). None of the 3’ ends in the first loop of the upstream stem has additions of 

non-encoded nucleotides. In contrast, 16 out of 22 clones deriving from 3’ ends 

immediately downstream of the stem-loop contain mostly between four and five non-

encoded nucleotides, in the majority adenosines.  

Similar results were obtained in a control reaction with total mitochondrial RNA that 

have been self-ligated with T4 RNA ligase. (Kuhn and Binder, manuscript, Fig.4c) 

Here a more homogenous population of 5’ to 3’ borders could be observed. Only a 

single clone does not match -134 to -131 5’ ends and almost all 3’ ends terminate 

directly downstream of the double stem-loop with only a single clone ending within 

the downstream part of the second stem. In contrast, the length of non-encoded 

adenosine stretches found in these clones is more variable, ranging from one to five 

nucleotides. 

To confirm the new 5’ termini identified at positions -134 to -131, an independent 

experimental approach was performed. In a primer extension analysis two strong 

signals corresponding to products of about 230 and 300 nt perfectly correlate with the 

5’ ends at the transcription initiation site and the newly identified terminus. In 

summary, the presence of head to tail connected transcripts is not restricted to a 

single gene in a single plant species, but rather seems to be a more general 

phenomenon in plant mitochondria. All experiments in this analysis were done by 

myself. 
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2.4 RT-PCR analysis of 5’ to 3’-end-ligated mRNAs identifies the 
extremities of cox2 transcripts in pea mitochondria 

In order to analyze the extremities of mitochondrial transcripts without stem-loop 

structures in the 3’ UTR, an RT-PCR of in vitro circularized mitochondrial RNA was 

performed. An ideal candidate was the pea cox2 gene, which is transcribed into a 

single transcript  that has been mapped before (Moon et al., 1985; Kuhn and Binder, 

2002). After self-ligation of pea mitochondrial RNA with T4 RNA ligase specific first-

strand cDNA synthesis was initiated followed by a PCR, cloning and sequencing of 

the cDNA clones (Kuhn and Binder, 2002, Fig.1). This circular RNA-RT-PCR (CR-

RT-PCR) analysis revealed 5’ ends scattering over a range of 31 nt mostly 

downstream of those mapped previously (Kuhn and Binder, 2002, Fig.2). In contrast 

the 3’ terminal sequences do not match the sequence formerly published. Instead it 

extends 44 nt further, followed by 61-64 nt, depending on the cDNA clone, not found 

in the published genomic sequence. 

Since the 5’ termini detected in this approach do not match the previously mapped 

ends these were re-examined in a primer extension analysis (Kuhn and Binder, 2002, 

Fig.3). These experiments revealed three major 5’ ends in repeated experiments in 

the initially described region, but all differing from the previously mapped sites. They 

also differ from 5’ ends detected in the RT-PCR approach with the circularized RNA. 

In order to investigate whether the identified ends indeed derive from transcription 

initiation, two different DNA templates were incubated with a transcriptionally active 

mitochondrial protein lysate (Kuhn and Binder, 2002, Fig.4). All three 5’ ends seem to 

be transcription start sites, even though the surrounding sequences of the most 

upstream initiation site does not resemble to any known promoter sequence from 

dicot plant mitochondria (Binder et al., 1995; Dombrowski et al., 1999).  

To this point the situation at the 3’ end was still unclear. Although an addition of 3’ 

non-encoded nucleotides has been reported, an attachment of a >60 nt large, non-

homopolymeric sequence matching exactly to the genomic sequence is highly 

unlikely (Kuhn et al., 2001). Therefore the 3’ region of the cox2 gene was examined 

on the level of genomic DNA. This revealed the newly identified sequence being 

present in the genomic DNA (Kuhn and Binder, 2002, Fig.5; DDBJ/EMBL/GenBank 

accession no. AJ414385). To confirm this again on the transcript level by an 

independent experimental approach, an S1 protection analysis covering the 3’ UTR 

was performed (Kuhn and Binder, 2002, Fig.6). The protected fragment of ~100 nt is 



RESULTS 

 23

consistent with the 3’ transcript termini detected in the RT-PCR analysis (see above). 

Surprisingly, comparison of the cDNA sequences derived from RT-PCR analysis with 

genomic sequences revealed, in contrast to the results presented for the pea atp9 

and the Oenothera atp1 transcripts, no non-encoded nucleotides at the 3’ ends of the 

cox2 mRNA. 
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3 DISCUSSION 
3.1 AtSUV3 is a mitochondrial RNA helicase 

The steadily increasing amount of sequencing data in plants generates a cumulative 

number of sequences with similarity to genes in other organisms (The Arabidopsis 

Genome Initiative, 2000). Although the sequence similarities suggest identical 

functions, these may have changed and similarity alone may be deceptive. Thus a 

detailed analysis of the subcellular localisation and of biochemical properties of the 

gene products is obligatory. Accordingly, the complete cDNA sequence of a plant 

homologue of the yeast SUV3 RNA helicase, AtSUV3 has been determined and the 

expression of the gene was analyzed (Gagliardi et al., 1999; cp. 6.1.1). The 

prediction of a mitochondrial localisation program PSORT has been confirmed 

experimentally by cofractionation of a AtSUV3:GUS fusion protein with mitochondrial 

marker proteins and the mitochondrial localization of a AtSUV3:GFP fusion protein in 

mitochondria of tobacco protoplasts (Gagliardi et al., 1999, Fig.4; Kuhn and Binder, 

data not shown). 

The presence of homologues suv3 sequences in eukaryotic representatives indicates 

a general function of this protein in the mitochondrial RNA metabolism. In yeast the 

SUV3 protein is involved in 3’ RNA processing and degradation of group I introns 

(Conrad-Webb et al., 1990; Margossian et al., 1996). Since mitochondrial genes of 

Arabidopsis thaliana as well as mammals do not contain group I introns and RNA 3’ 

processing signals and mechanisms differ from those in yeast, the suggestion arises 

that the SUV3 proteins may have a more general function in mitochondrial RNA 

metabolism (Min and Zassenhaus, 1993; Unseld et al., 1997). Despite the 

evolutionary distance between fungal and plant enzymes the enzymatic activity of the 

RNA helicase probably has not altered. The plant enzyme indeed hydrolyzes ATP in 

an RNA stimulated manner, what is a common characteristic of ATP-dependent RNA 

helicases (Gagliardi et al., 1999, Fig.5). A further characterization of the AtSUV3 

helicase in vitro and in vivo, its possible association with other proteins as well as the 

identification of potential endogenous RNA substrates have to be investigated to 

elucidate the exact function of this enzyme in mitochondrial RNA metabolism. 
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3.2 Non-encoded nucleotides at the 3’ end of plant mitochondrial 
transcripts 

Two independent approaches were used to identify non-encoded nucleotides at the 

3’ end of plant mitochondrial transcripts (Kuhn et al., 2001). A conventional 3’ RACE 

analysis of pea atp9 transcripts as well as Oenothera atp1 transcripts predominantly 

detects poly(A) tracts within the downstream part of the second stem or immediately 

adjacent. Besides the adenosines expected from the use of an oligo(dT)-adapter 

primer, cytidines, thymidines and guanosines are also found in the cDNA clones, 

mostly found directly at or near the 3’ most nucleotides. The alternative direct anchor 

primer ligation RT-PCR approach confirms the presence of adenosines, cytidines 

and uridines are found in more than half of the clones sequenced, while no non-

encoded guanosines are seen in this approach. The possibility that the 3’ non-

encoded nucleotides might be artificially added during these experimental 

procedures is unlikely, since the analogous investigation of in vitro processing 

products does not reveal any nucleotide that could derive from methodological 

artifacts. The majority of the cDNA clones resulting from the direct anchor primer 

ligation to total mitochondrial RNA contains a single non-encoded nucleotide, and 

only few clones with maximally three posttranscriptionally added nucleotides 

implicate a low frequency of longer extension. In vitro processing assays with RNAs 

containing three 3’ terminal adenosines demonstrated no degradation promoting 

effect and thus suggest the RNAs with such short extensions to be relatively stable 

degradation or processing products.  

During the course of this thesis, polyadenylation was reported in mitochondria of 

various plant species. In sunflower a dicistronic mRNA associated with cytoplasmic 

male sterility was suggested to be specifically destabilized by polyadenylation in 

fertility-restored lines (Gagliardi and Leaver, 1999). In maize, polyadenylation was 

detected at multiple sites within cox2 transcripts (Lupold et al., 1999). The 

degradation promoting effect of polyadenylation in maize mitochondrial extracts, was 

however very weak. An alternative approach has also confirmed the addition of non-

encoded nucleotides to 3’ transcript ends of several mitochondrial genes in maize 

(Williams et al., 2000). Recently potato mitochondrial atp9 mRNAs were reported to 

have polyadenylate extensions at their 3’ termini (Gagliardi et al., 2001).  

In general a degradation promoting effect was suggested for polyadenylation of 

mitochondrial transcripts in these reports. This is consistent with my results obtained 
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with pea atp9 RNA without a stabilizing stem-loop (Kuhn et al., 2001). In contrast, 

only an accelerated processing is observed in assays with polyadenylated substrates 

with stem-loop, while total degradation is only marginally increased. Thus the 

stabilizing effect of the secondary structure seems to be stronger than the stimulation 

of mRNA decay by polyadenylation. These findings and the detection of poly(A) 

addition sites within the stem-loop suggest a model with repeated cycles of 

polyadenylation and subsequent removal of the adenosines and adjacent nucleotides 

resulting in a stepwise degradation of the stem-loop structure and the rest of the 

RNA. 

These results are, however, in contrast to other findings, in which a poly(A)-specific 

exoribonuclease seems not to be impeded by such a secondary structure in the 

potato atp9 mRNA (Gagliardi et al., 2001).  

The presence of non-encoded nucleotides at the 3’ end of mRNAs raises the 

question of how these nucleotides are added. As already outlined in chapter 1.2, 

poly(A) tails are generally synthesized by poly(A) polymerases (PAP). However, such 

an enzyme has to date not been reported for plant mitochondria. A recent publication 

demonstrated that this protein from Escherichia coli incorporates nucleotides of all 

identities into the 3’ extensions in vitro (Yehudai-Resheff and Schuster, 2000). In 

plant mitochondria, the presence of cytidines among the added nucleotides, 

especially the addition of CCA, raises the possibility, that tRNA terminal 

nucleotidyltransferase is involved in the respective process (Kuhn et al., 2001, Fig.1 

and 7; Williams et al., 2000). This enzyme is together with PAP part of the nucleotidyl 

superfamily and may have the potential to add short extensions or even longer 

oligo(A) tracts (Steege, 2000). 

 

3.3 Head to tail connected mRNAs are present in the plant 
mitochondrial steady state RNA 

The analysis of pea atp9 and Oenothera atp1 mitochondrial transcripts by RT-PCR 

analysis revealed the presence of head to tail connected RNA molecules in plant 

mitochondria, anticipated from previous 3’ RACE experiments (Kuhn et al., 2001). 

Similar observations were made during the investigation of polyadenylated potato 

atp9 RNAs. Here linear RNA species were found, in which a 5’ fragment is fused to 

the mature 3’ end of the same molecule (Gagliardi et al., 2001). The possibility that 
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such amplificated fragments derive from RT-PCR artifacts seems unlikely, since most 

of the 5’ and 3’ ends detected in the joined molecules coincide with previously 

mapped termini (Schuster et al., 1986; Morikami and Nakamura, 1993; Kuhn et al., 

2001). In addition transcripts with head to tail conformation are not detectable for 

every gene, since no such RNAs were found among pea cox2 transcripts. 

Transcripts with head to tail conformation represent only a minor fraction since two 

rounds of PCR with nested primers are necessary to amplify cDNAs from these 

RNAs.  

In about a third of the cDNA clones deriving from Oenothera atp1 head to tail 

transcripts, 3’ ends are located in the upstream inverted repeat. Such 3’ ends were 

not found in clones originating from RNA that has been treated with T4 RNA ligase or 

nuclease S1 protection experiments and thus seem to be restricted to the head to tail 

connected molecule conformation. Moreover, none of these clones contains any non-

encoded nucleotides, while short extensions of up to five nucleotides are found 

attached to the atp1 transcripts with 3’ ends downstream of the second stem-loop. 

The reason for this bias is unclear. 

Short extensions of predominantly non-encoded adenosines are also present at the 

pea atp9 5’ to 3’ linkage, which correlate in length with the extensions previously 

identified in the above mentioned 3’ RACE analysis. However, in the latter 

substantially more cytidines are found. As a large proportion of the head to tail linked 

mRNAs of both genes investigated do not contain any non-encoded nucleotides 

demonstrating that the formation of this molecule form is independent from the 

addition of such nucleotides. 

The analysis of head to tail linked atp1 transcripts revealed a previously unidentified 

5’ end about 75 nt downstream of the transcription initiation site. A 21 nt long 

conserved sequence motif encompassing this terminus is also found around the 5’ 

ends of mature 18S rRNA in different plant species (Kuhn and Binder, 2002, 

manuscript, Fig.6). The 5’ ends of the rRNAs are found exactly at the same position 

as those of the atp1 transcripts. Since the mature 5’ end of 18S rRNAs is generated 

by an endonucleolytic processing, a similar scenario is likely for the new identified 

atp1 5’ end. The function and significance of this processing event remains unclear, 

since only about half of the steady state atp1 transcripts contain the processed ends 

as indicated by the primer extension experiment Binder, 2002, manuscript, Fig.5). 
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Therefore I conclude that this terminus is generated by processing rather than being 

a primary 5’ terminus resulting from transcription initiation. 

One of the most interesting questions is, how these head to tail joined molecules are 

generated. Several arguments favour an RNA ligase activity. 

First, except for one clone all atp1 5’ ends correspond to the new processed 

terminus. A similar bias is observed among the 5’ ends detected after in vitro ligation 

with T4 RNA ligase (Kuhn and Binder, manuscript, Fig 4C). Thus head to tail 

connection in vitro and in vivo has a clear bias towards the shorter end. This 

preference for the shorter ends is determined by the ligase reaction mechanism, 

which allows only the ligation of 5’ ends with monophosphate groups, suggesting that 

5’ to 3’ end in vivo joining in mitochondria is performed by an RNA ligase. (Kuhn and 

Binder, 2002).  

Second, no in vivo head to tail connected cox2 transcripts are detectable in pea 

mitochondria. Here three different 5’ termini are mapped and there is strong evidence 

that all of them originate from transcription initiation sites, thus carrying 5’ 

triphosphates (Kuhn and Binder, 2002). Consistent with these 5’ ends in cDNAs from 

in vitro ligated RNAs never coincide with the primary 5’ termini mapped by primer 

extension analysis (Kuhn and Binder, 2002; cp. 2.4).Only a subpopulation of RNAs 

with slightly shortened 5’ ends are ligated, resulting in an extremely low amount of in 

vivo head to tail connected RNA species escaping detection by RT-PCR. 

Third, RNA ligases have recently been identified in mitochondria of the kinetoplastide 

Trypanosoma brucei, where they play a crucial role in post-transcriptional RNA 

editing processes (Huang et al., 2001). Here the RNA ligases are involved in the 

ligation of the mRNA moieties after insertion or deletion of uridine(s), but there exists 

no report of head to tail ligated RNAs in kinetoplastide. Nothing is known about RNA 

ligases in plant mitochondria, but my results on the linkage of mRNA termini point to 

a process requiring an RNA ligase in plant mitochondria. 

Whatever the function of such head to tail connected mRNAs may be, they indicate a 

very close interaction of the 5’ and 3’ extremities, even if the formation of the 

phosphodiester bond occurs incidentally. Such close interactions have been shown 

for nuclear/cytoplasmic RNAs resulting in a circularized transcript (cp. 1.3). In this 

context circularization is mediated by RNA-protein and protein-protein interaction 

(Wells et al., 1998). 
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3.4 CR-RT-PCR is an appropriate method for the simultaneous 
identification of 5’ and 3’ transcript ends and the detection of 
non-encoded nucleotides 

The CR-RT-PCR method was developed for the simultaneous investigation of both 

transcript extremities as well as of non-encoded nucleotides. The validity of this 

method should be tested by the analysis of pea cox2 mRNAs that have been 

mapped previously (Moon et al., 1985). The results of the CR-RT-PCR were 

confirmed by primer extension, in vitro transcription and nuclease S1 mapping 

analyses (Kuhn and Binder, 2002). The primer extension analysis identified three 

new 5’ ends each differing by several nucleotides from the already known ends 

(Kuhn and Binder, 2002, Fig.3). The discrepancies probably derive from the different 

techniques used. The sequences surrounding the two downstream 5’ ends show 

significant similarities with a conserved nonanucleotide motif (CNM) characteristic for 

plant mitochondrial promoters (Binder et al., 1995; Dombrowski et al., 1999; Kuhn 

and Binder, 2002, Fig.7). Run-off products consistent with a transcription initiation at 

these sites confirmed the function of these sequences as promoters (Kuhn and 

Binder, 2002, Fig.4). In contrast, a completely different sequence surrounds the most 

upstream 5’ initiation site. Nevertheless, weak signals corresponding to run-off 

products initiated at this site indicate a promoter activity of this sequence in vitro. 

The 5’ ends detected in the cDNAs derived from the CR-RT-PCR amplification 

revealed different 5’ termini scattering over 32 nt downstream of the transcription 

start sites. This distribution is in contrast to the primer extension experiments with 

three major 5’ ends prevailing and is most likely due to di- or triphosphate groups 

present at primary transcripts whose 5’ end derive from de novo initiation events, 

which are most likely not a substrate for the T4 RNA ligase (Kuhn and Binder, 2002). 

The cox2 mRNAs slightly shortened at the 5’ end are possibly products of processing 

or degradation events by endo- or exonucleolytic activities rather than resulting from 

initiation events downstream of the transcription initiation sites. Thus these 5’ ends 

are supposed to carry monophosphate groups suitable for ligation through RNA 

ligase. The hypothesis is further substantiated by the CR-RT-PCR analysis of 

Oenothera atp1 transcripts, which identified almost exclusively 5’ ends downstream 

of the previously mapped transcription initiation site (cp. 2.3). Thus, on the one hand 

the CR-RT-PCR analysis can be applied to detect 5’ processed ends, on the other 

hand 5’ termini deriving from de novo transcription initiation events can be detected 
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after a pre-treatment of the RNAs with consecutive phosphatase and kinase 

reactions (unpublished results). A similar experimental strategy has been already 

applied for the 5’ analysis of capped nuclear transcripts after decapping of the 

respective RNAs by tobacco acid pyrophosphatase (Mandl et al., 1991). Moreover, 

the method has been successfully used for the analysis of land snail mitochondrial 

tRNAs (Yokobori and Paabo, 1995).  

The CR-RT-PCR analysis identified a new 3’ end of the cox2 transcript located about 

100 nt further downstream of the previously mapped end (Moon et al., 1986; Kuhn et 

al., 2002). In addition this new end was confirmed by a nuclease S1 analysis. 

Whether the cox2 3’ end is formed directly by transcription termination or indirectly by 

post-transcriptional processes is unclear at present. Two alternative stem-loop 

structures can be folded a few nucleotides upstream of the slightly scattering 3’ 

termini (Kuhn and Binder, 2002, Fig.8). These structures and the location of the 3’ 

end within a polythymidine stretch of 9 nt resemble prokaryotic transcription 

terminators (Lesnik et. al., 2001). This suggests the cox2 3’ termini originate from 

transcription termination, which of course has to be investigated in detail by in vitro 

studies.  

The CR-RT-PCR analysis of the cox2 mRNAs revealed no non-encoded nucleotides 

at the cox2 3’ transcript termini (cp. 2.3). In addition a 3’ RACE analysis with 

oligo(dT) adapter primer also failed to detect 3’ non-encoded nucleotides (Dospil, 

Kuhn and Binder, unpublished results). This suggests that either no non-encoded 

nucleotides are added to the cox2 3’ end or such extensions are rapidly removed. 

With the help of additional data, e. g. the rough size of the transcripts, this method 

can be applied to determine the transcriptional and processed 5’ and 3’ ends of even 

those transcripts with complex transcription patterns. In addition, the presence of 

non-encoded nucleotides can be detected in the same reaction. 
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4 SUMMARY 
 

In this thesis several aspects of mRNA processing in plant mitochondria were 

investigated. Mainly, modes and parameters of 3’ RNA processing were analyzed 

both in vitro and in vivo. Furthermore a protein was characterized that may play a 

role in 3’ mRNA processing in plant mitochondria. 

This latter, an RNA helicase from Arabidopsis thaliana, exhibits high similarity to the 

yeast SUV3 protein, which is thought to be a component of a processing and 

degradation complex in yeast mitochondria. Several independent experimental 

approaches showed that this nuclear-encoded RNA helicase (AtSUV3) is located in 

Arabidopsis thaliana mitochondria. The AtSUV3 mRNA of about 2500 nt is 

assembled from 16 exons of a weakly expressed unique gene and the predicted 

protein has a calculated molecular weight of 63.6 kDa. The N-terminal domain of the 

protein contains motifs characteristic for DExH box RNA helicases and exhibits a low 

endogenous ATPase activity, which could be stimulated by mitochondrial RNA. 

To determine the influence of posttranscriptional modifications on 3’ end processing 

and mRNA stability in plant mitochondria, pea atp9 and Oenothera atp1 transcripts 

were investigated for the presence of 3’ non-encoded nucleotides. Poly(A) tails were 

predominantly identified at previously mapped 3’ ends. Functional studies in a pea 

mitochondrial in vitro processing system revealed rapid removal of the poly(A) 

extensions up to a stabilizing stem-loop structure, while the complete degradation of 

the RNA is only moderately stimulated. In contrast, polyadenylation promoted total 

degradation in transcripts without a stabilizing stem-loop structure. An alternative 3’ 

RACE approach identified non-encoded extensions with a maximal length of 3 

nucleotides consisting most frequently of adenosines and cytidines. Processing 

assays of substrates containing homopolymer stretches of various length showed 

that 3 adenosines have no impact on RNA degradation, while 10 or more adenosines 

substantially accelerate RNA decay. Thus polyadenylation can generally destabilize 

mRNAs, but the degradation promoting effect is almost annihilated by stabilizing 

stem-loop structures. Together these antagonistic actions result in the efficient 

formation of 3’ processed and stable transcripts. 

The characterization of the pea atp9 and Oenothera atp1 transcript termini identified 

5’ to 3’ end connected molecules. The formation of such RNAs is independent from 

the addition of non-encoded nucleotides but requires processed 5’ ends with 5’ 
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monophosphate groups. The biological function of these head to tail connected RNA 

molecules in plant mitochondria is unclear. 

To gain a more general insight into mRNA processing in plant mitochondria, the 5’ 

and 3’ extremities of the previously characterized pea cox2 gene were analyzed 

exemplarily by a new experimental approach based on the in vitro circularization of 

the respective RNA molecules by T4 RNA ligase followed by an RT-PCR analysis. 

The validity of this method, which allows the simultaneous mapping of 5’ and 3’ 

termini as well as the detection of non-encoded nucleotides, was confirmed by primer 

extension analysis and nuclease S1 mapping. 
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6 APPENDIX 
 

6.1 Presentation of the results 
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6.1.1 An mRNA helicase (AtSUV3) is present in Arabidopsis thaliana 
mitochondria 
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6.1.2 Transcript lifetime is balanced between stabilizing stem-loop 
structures and degradation-promoting polyadenylation in plant 
mitochondria 
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6.1.3 5’ meets 3’: head to tail linked mRNAs in plant mitochondria 
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5’ meets 3’: head to tail linked mRNAs in plant mitochondria 
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ABSTRACT 
 
A recent analysis of the 3’ ends of the pea atp9 
mitochondrial transcripts suggested the occurrence 
of mRNAs with 5' to 3' linked termini. Detailed 
RT-PCR analysis of pea atp9 and Oenothera atp1 
mRNAs now reveals head to tail connected 
transcripts in the steady state mRNAs in plant 
mitochondria. In the cDNA clones deriving from in 
vivo Oenothera atp1 mRNA, one 3’ end was 
detected exclusively in the head to tail linked 
transcripts. The other borders of the linked RNA 
moieties coincide with 5' and 3' termini of 
transcripts colinear with genomic sequences. The 
analysis of head to tail linked transcripts reveals a 
novel 5’ end of Oenothera atp1 RNAs. This is 
located within a 21 nucleotides long sequence 
segment also conserved at the mature 5’ ends of 
18S rRNAs of several plant species. Head to tail 
transcripts in pea and Oenothera mitochondria 
enclose short stretches of up to five non-encoded 
adenosines. The frequency of non-encoded 
nucleotides in these cDNA clones suggests that 
head to tail connection of transcripts is independent 
from their addition. The observed covalent linkages 
between the 5' and 3' termini suggest the presence 
of a ligase activity towards RNA in plant 
mitochondria. 
 
 
INTRODUCTION 
 
The mechanisms controlling the expression of the 
genetic information of plant mitochondria are 
important components of the total cellular 
regulatory network. In recent years it has become 
apparent that beside the level of transcription 
initiation posttranscriptional processes play a 
substantial role in the regulation of mitochondrial 
genes (1, 2). Particularly the processes influencing 
RNA stability are major determinants of the steady  
_________________________________________ 
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state level of certain if not all transcripts. An 
important role in RNA stability has been attributed 
to 3’ terminal stem-loop structures (3, 4). For 
instance a double stem-loop structure at the 3' end 
of the pea atp9 transcripts does not terminate 
transcription in vitro but more likely plays a 
significant role in the posttranscriptional formation 
of the mature 3' terminus of this RNA (4). Its 
protective impact against degradation is high 
enough to largely neutralize the degradation 
promoting effect of poly(A) tails (5). 
Polyadenylation has been found at several 
mitochondrial mRNAs from different plant species 
and in vitro data suggest that poly(A) extensions, 
whose sizes in vivo are still a mystery, generally 
accelerate degradation by targeting the RNA for 
specific degradation by most likely exonucleolytic 
ribonuclease activities (6-8). Such destabilizing 
effects of poly(A) tails have also been reported in 
E. coli and chloroplasts, but here substantially 
stronger enhancing the decay of the polyadenylated 
transcripts (9-11). Conversely completely different 
functions are attributed to polyadenylation of 
mRNAs in the nuclear/cytoplasmic compartments 
of eukaryotic cells. Here poly(A) tails support the 
stability of mRNAs and play an important role in 
the export of mRNA from the nucleus to the 
cytoplasm (12). Furthermore the close interaction 
of the poly(A) sequences with the 5’ cap results in a 
synergistic enhancement of translation (13). In 
yeast this important communication is mediated by 
several RNA-protein and protein-protein 
interactions involving the cap binding protein 
eIF4E, factor eIF4G and the poly(A) binding 
protein Pab1b forming a pseudo-circular form of 
the mRNA. Despite the clearly translation 
stimulating effect the exact function of this 
structure is unclear at present, but is interpreted to 
increase the stability of the RNA or to have some 
advantage in ribosome recycling for multiple 
translation of an mRNA molecule (13). 
In our studies of posttranscriptional control of gene 
expression in plant mitochondria we focus on the 
formation of mature 3' transcript termini. In an 
analysis of the 3' end of pea atp9 transcripts we 
detected two clones deriving from RNA molecules, 
in which the 5’ end of the shortest of the three 
mRNAs is covalently linked to the mature 3' end 
(5). Although RNA ligase was used in this 
experimental approach, the origin of these cDNA 
clones from independent experiments and even 
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different mitochondrial RNA preparations let us 
speculate that such 5' to 3' end connected pea atp9 
transcripts may exist in vivo. We now report that 
atp9 transcripts with head to tail conformation are 
indeed present in vivo in pea mitochondria. 
Analogously 5' to 3' linked molecules are also 
found to be derived from the Oenothera atp1 gene. 
This is to our knowledge the first report of head to 
tail linked transcripts in mitochondria. 
 
 
MATERIALS AND METHODS 
 
RT-PCR analysis of mitochondrial RNA 
 
Total mitochondrial RNA was isolated from six to 
seven days old etiolated pea seedlings and from 
Oenothera callus culture as described previously 
(14). For the detection of in vivo head to tail joined 
RNA molecules first strand synthesis was carried 
out on 9 µg total mitochondrial RNA (mtRNA) 
initiated with oligonucleotides PA3 (335 to 319, 
pea atp9) and OA3 (376 to 356 Oenothera atp1), 
respectively. The reactions were performed with 
Superscript reverse transcriptase (RT) under 
conditions recommended by the manufacturer 
(InVitrogen Life Technologies). The cDNAs were 
then used for the amplification by PCR with 
Klentaq polymerase following the manufacturer’s 
manual (Clontech). Pea atp9 cDNAs were 
amplified with primers PA2 (291 to 274) and 
T7IR+ (380 to 395) in six cycles of 1 min at 94°C, 
1 min at 50°C and 30 sec at 68°C followed by 35 
cycles with 1 min at 94°C, 1 min at 44°C and 30 
sec at 68°C. Nested PCRs were performed under 
identical conditions with primer pairs PA19 (22 to 
5) / PAX1 (396 to 411) and PA21 (260 to 242) / 
PAX1. Oligonucleotide pairs OA2 (302 to 285) / 
ORace1 (1571 to 1589) and OA4 (252 to 232) / 
OAX1 (1930 to 1945) were used to generate 
Oenothera atp1 cDNAs following the same 
experimental regime. All PCR products were 
cloned into an XcmI-linearized pBluescript II vector 
and sequenced as detailed below. The location of 
the oligonucleotides is given in respect to the first 
nucleotide of the translation start codon (+). 
 
 
Miscellaneous methods 
 
Standard methods in molecular biology were 
performed as described elsewhere (15). Primer 
extension experiments were performed with 
primers OA2 and 18S-2 (104 to 87 relative to the 
mature 5’ end) as explained in previous analyses 
(16). Thermo Sequenase fluorescent labeling kits 
and Cy5 labeled primers were used for DNA 
sequence analysis and sequencing products were 
separated and analyzed with ALF express 
sequencers (Amersham Biosciences). In vitro 
ligation reactions with T4 RNA ligase were 
performed as described previously (17).  

RESULTS 
 
Detection of 5' to 3' end ligated atp9 mRNAs in 
pea mitochondria 
 
By ligating an anchor primer directly to 3' ends we 
recently investigated the in vivo 3' termini of pea 
atp9 transcripts (5). The anchor primer serves as a 
binding site for a complementary oligonucleotide 
from which cDNA synthesis was initiated. This 
oligonucleotide in combination with gene-specific 
primers was used in subsequent amplification 
reactions. The resulting PCR fragments, which 
enclose the 3’ terminal sequences, were then 
inspected by cloning and DNA sequencing. In this 
approach we detected two clones, which derived 
from transcripts where 5’ moieties of pea atp9 
mRNA are connected to the 3’ parts of the same 
transcript, the linker being ligated at the 3’ end of 
the 5’ derived fragment. The mRNA linkage is 
exactly between the mature 3' and 5' termini of the 
shortest atp9 mRNA as determined by primer 
extension analysis (18). Since these clones were 
obtained in independent ligation and amplification 
reactions from different RNA preparations, it 
seemed unlikely that 5’ and 3’ parts of the same 
transcript are incidentally connected in vitro by the 
T4 RNA ligase used for the covalent addition of the 
anchor oligonucleotide to the 3' termini of the 
RNA.  
To investigate whether head to tail ligated pea atp9 
transcripts exist in vivo, an RT-PCR analysis was 
carried out, in which the cDNA synthesis is 
initiated from sequences of the 5’ region of the 
mRNA followed by an amplification reaction 
across the potentially 5’ to 3’ connected ends (Fig. 
1, A). The cDNA synthesis was initiated from 
primer PA3 on total mitochondrial RNA. The first 
amplification reaction generated major products of 
about 250 and 350 bp, several minor fragments and 
a background smear ranging up to 1.0 kb (Fig. 1B, 
left panel). Estimated from the previously mapped 
5' and 3' ends a product of about 390 bp is expected 
upon linkage of intact termini. Thus cDNA 
fragments with sizes between 300 and 500 bp were 
recovered from the gel and used as templates in two 
further amplification reactions with alternative 
nested primer pairs. A PCR with oligonucleotides 
PAX1 and PA19 generated a major product of 
about 80 bp consistent with the expected size (Fig. 
1B, middle panel, lane 2a). In the PCR with primers 
PAX1 and PA21 a relatively weak fragment with 
the anticipated size of about 330 bp is observed 
(Fig. 1B, right panel, lane 2b). The amplification of 
products with sizes expected indicated the presence 
of head to tail connected pea atp9 RNAs and thus 
both fragments were cloned and sequenced.  
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In vivo 5' to 3' end linkage is independent from 
the presence of non-encoded nucleotides at the 
junctions 
 
Sequence analysis of 29 clones confirmed the in 
vivo existence of 5' to 3' end linked pea atp9 
mRNAs. In 15 clones the observed termini of the 5' 
moiety coincide with the 5’ terminal nucleotide (-
136 relative to the ATG) of the shortest pea atp9 
mRNA (18)(Fig. 2A and B). In five clones the 
regions corresponding to the 5’ part begin at 
position -135 and the 5’ moieties of the other clones 
start between -134 and –12. These are, with the 
exception of two clones starting with position –121 
found only in single cDNAs. In 22 clones the 5’ 
parts are joined to 3’ ends located directly 
downstream of a double stem-loop or within the 
downstream part of the second stem. The other 
cDNAs revealed 3’ ends within the downstream 
loop and a single clone contains a 3’ terminus in the 
first stem. The scattering of the 3' ends has similarly 
been observed in previous experiments with an 
analogous distribution of the termini (4, 5, 18). 
The sequences not only reveal in vivo head to tail 
connected pea atp9 transcripts, they also display the 
presence of non-encoded nucleotides in these 
RNAs. In 16 clones one to four nucleotides are 
embedded between the 5’ and 3’ moieties. The 
majority of these additions are primarily two or 
three adenosines, while a cytidine and a guanosine 
are found in single clones. Such short sequences 
have previously been detected at the 3’ termini of 
“normal” linear pea atp9 transcripts (5). Since there 
is also a substantial amount of clones without any 
non-encoded nucleotides, there is no apparent 
correlation between the 5’ to 3’ joining and the 
presence of non-encoded nucleotides. In all clones 
derived from the PA21/PAX1 PCR fragments, 
cytidine to uridine exchanges are found at positions 
20 and 50 relative to the first nucleotide of the 
translation start codon (+1). These editing sites 
have also been identified in cDNAs originating 
from linear RNAs (data not shown). 
 
 
Head to tail atp1 transcripts are present in 
Oenothera mitochondria  
 
To follow the in vivo presence of head to tail 
connected transcripts on a wide basis, we extended 
our analysis to atp1 transcripts from Oenothera 
mitochondria. To this end a similar RT-PCR 
strategy was used in order to amplify cDNA 
fragments from atp1 RNAs with an analogous 
structure. Following first strand cDNA synthesis 
from oligonucleotide OA3 major cDNA fragments 
with sizes between 70 and 150 bp were amplified 
with oligonucleotides OA2 and ORaceI (Fig. 3B, 
left panel, lane 1). Minor products and a smear 
ranging up to more than 750 nucleotides were also 
observed. Since a product of 720 nucleotides is 
calculated from previously determined 5’ and 3’ 

ends (14, 19), nucleic acids with sizes between 500 
and 800 nucleotides were used as templates in a 
second PCR with nested oligonucleotides OA4 and 
OAXI. This generated two prominent products of 
about 200 and 250 nucleotides, respectively, both 
slightly shorter than the 320 nucleotides expected 
(Fig. 3B, right panel, lane 2). Similar results were 
obtained in a control reaction with total 
mitochondrial RNA that had been self ligated in 
vitro with T4 RNA ligase. Here a PCR fragment of 
the expected size was already detectable after the 
first PCR and a single major product of 250 
nucleotides was obtained in the second PCR (data 
not shown). From both approaches cDNA 
fragments between 180 and 270 nucleotides were 
cloned and sequenced.  
From 32 clones obtained from the approach without 
T4 RNA ligase only a single cDNA contained a 5’ 
moiety starting at the transcription initiation site 
(Fig. 4A and B, position -209). The majority of the 
clones (27) contain 5’ parts beginning with 
positions -131 through –135. This suggests new 5’ 
ends, which map downstream of the transcription 
initiation sites and which have not been identified 
in previous analyses (14, 19). The termini of the 5’ 
parts of the remaining four clones coincide with 
nucleotides -199, -72, -9 and -8.  
The ends of the 3’ moieties detected in this 
approach can be divided into two categories. The 
first collection scatters over a few nucleotides 
directly downstream of the double stem-loop with 
the 3’ end of a single clone located at the beginning 
of the downstream part of the first stem. These ends 
found in 22 clones are consistent with previously 
mapped 3’ ends and also coincide with poly(A) 
addition sites detected in a 3’ RACE analysis 
initiated with an oligo(dT)-adapter primer (5, 20). 
The second category of 3' termini maps within the 
upstream loop of the double stem-loop. These ends 
are represented by ten cDNA clones and have not 
been described before. This division of the 3' ends 
is further suggested by the presence or absence of 
non-encoded nucleotides. While four and five, 
respectively, non-encoded adenosines are found in 
16 of the cDNAs with 3’ moieties ending 
downstream of the double stem-loop structure, no 
unambiguously non-encoded nucleotides are seen 
in clones with the shorter 3’ termini (Fig. 4B). 
A more homogenous pattern of 5’ and 3’ borders is 
found in clones amplified from in vitro ligated 
mitochondrial RNA (Fig. 4C). Here all but one 
clones match the –131 to -136 5’ ends. Likewise 
almost all 3’ sequences end directly downstream of 
the double stem-loop. Only a single cDNA contains 
a 3’ end located within the downstream part of the 
second stem. In contrast the length of the non-
encoded adenosine stretches found in this collection 
of clones is slightly more variable, ranging from 
one to five nucleotides (Fig. 4C). 
Since 5’ termini at -131 to -136 have not been 
detected previously these ends were further 
investigated by an independent experimental 
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approach. To this end a primer extension analysis 
with oligonucleotide OA2 annealing downstream of 
the translation start codon was performed. Two 
strong extension products of about 230 and 300 
nucleotides, respectively, indeed correlate with the 
here detected 5’ ends at position -131 through -136 
and the previously mapped transcription initiation 
site, respectively (position -209, Fig. 4A and 5). 
Thus the –131 to -136 ends are also major 5’ 
termini of transcripts with a “normal” linear 
conformation.  
In summary the detection of head to tail connected 
conformation is not restricted to a single gene in a 
single plant species but seems to be a frequent 
phenomenon in plant mitochondria. 
 
 
DISCUSSION 
 
Head to tail linked transcripts represent a 
subpopulation of plant mitochondrial steady 
state RNA 
 
The analysis of pea atp9 and Oenothera atp1 
mitochondrial transcripts by RT-PCR analysis 
reveals the presence of head to tail connected RNA 
molecules in plant mitochondria. The fact that the 
ends of the 5’ moieties most often coincide with 
major 5’ ends of RNAs colinear to DNA makes an 
RT-PCR artifact as the origin for the here detected 
cDNA fragment highly unlikely (14, 19, 20). In 
addition, transcripts with head to tail conformations 
are not detectable for every gene since no such 
RNAs could be obtained from the pea cox2 gene. 
For these RNAs head to tail conformations are only 
detectable after in vitro ligation with T4 RNA 
ligase demonstrating that the PCR strategy applied 
should be compatible with the detection of potential 
in vivo head to tail connected RNAs (17). At the 
same time this result confirms the validity of the 
strategy to detect genuine in vivo 5’ - 3’ 
conformation and excludes an artificial generation 
of such molecules during the experimental 
procedures. 
The generation of cDNA fragments from in vivo 
head to tail connected transcripts only after two 
rounds of PCR with nested primers indicates that 
they represent a minor fraction in the mitochondrial 
steady state RNA. A preliminary RT-PCR 
quantification of pea atp9 of RNAs with head to tail 
and “normal” linear conformations suggests that the 
former represent less than 1 % of the total atp9 
mRNA pool (data not shown).  
 
 
Linear versus circular conformation of the head 
to tail connected mitochondrial mRNAs  
 
The here applied PCR strategy is designed to detect 
head to tail connected transcripts whose presence 
was suspected from the previous 3’ RACE analysis. 
This strategy, however, will amplify both circular 

and linear head to tail connected transcripts and 
does not discriminate between the two forms as the 
origin for the cDNA fragments. The existence of 
linear head to tail forms of pea atp9 mRNAs has 
been demonstrated in previous 3’ RACE 
experiments including in vitro ligation of an 
anchor-oligonucleotide to free hydroxyl groups at 
3’ transcript termini, a reaction only possible with 
non-circular RNAs (5). The two clones detected 
contain 24 nucleotides long 5’ terminal parts 
connected to the 3' end. In the now applied 
experimental strategy the cDNA initiated at 
oligonucleotide PA3 covers 336 of about 445 
nucleotides of the complete atp9 RNA 
demonstrating that up to 75% of the complete 
mRNA can be connected via the 5’ – 3’ junction. 
Linkage of such large parts of the RNA indicates 
that circular transcripts exist in vivo, although there 
is no direct experimental evidence for this.  
Circular RNAs in mitochondria have been found in 
11 S and 18 S RNAs in yeast mitochondria (21). 
These are transcripts of the oxi3 and oxi1 gene loci 
and were later identified as closed circular forms of 
excised introns (22). Such molecules actually lariats 
formed in the splicing process of group II introns, 
are also present in mitochondria of higher plants. 
These lariats are formed by two transesterification 
reactions and the formation of a 2’-5’ bond between 
the 5’ end of the intron and a so-called bulged 
adenosine located a few nucleotides upstream of the 
3’ end (23, 24). However, to our knowledge, no 
circular form of any RNA was so far detected from 
mitochondrial genes without introns as the here 
investigated atp9 and atp1 genes.   
Unclear remains at present the mechanism leading 
to the formation of head to tail connected 
conformations. We assume that the observed 
connection is generated via a circularization since 
an intramolecular covalent linkage of 5’ and 3’ ends 
is more probable than an intermolecular connection. 
Circular forms could subsequently be linearized by 
an endonucleolytic cut or mechanical shearing 
forces generating linear molecules with head to tail 
constitutions. 
 
 
Correlation of 3' ends and non-encoded 
nucleotides between head to tail and linear 
transcripts  
 
In Oenothera atp1 head to tail connected transcripts 
the 3’ ends located in the upstream inverted repeat 
are detected in about one third of the inspected 
clones. Analogous ends are not found in clones 
originating from in vitro ligated RNA or in 
“normal” linear RNAs and thus seem to be 
restricted to the in vivo head to tail connected 
molecule conformation. All other ends essentially 
coincide with the termini found at RNAs with the 
“normal” linear structure (5, 19).  
Similarities between the two conformations exist 
also in terms of the frequency, lengths and 
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composition of non-encoded nucleotides. Primarily 
short extensions of four or five adenosines are 
found in both conformations of the Oenothera atp1 
transcripts. Slightly shorter predominantly 
homoadenosine extensions are present in the pea 
atp9 head to tail conformations. Such lengths are 
consistent with the extensions detected in the 3’ 
RACE analysis. In the latter, however, other 
nucleotide identities, predominantly cytidines are 
more frequently observed. Similar short extensions 
have also been found at several maize 
mitochondrial transcripts (25). The function of the 
short extensions detected in 30 to 50 % of the 
clones is still unclear. In vitro assays showed that 
such short tails of three or five adenosines do not 
accelerate degradation (5, 6). They most likely 
represent relatively stable intermediates generated 
during synthesis of larger tails or are byproducts of 
a stalling or interrupted degradation. The latter 
explanation is substantiated by previous in vitro 
analyses, in which the double stem-loop interferes 
with the complete degradation of a transcript and 
polyadenylation promotes only a rapid removal of 
downstream nucleotides (5).  
A large proportion of the RNAs with head to tail 
conformation does not contain any non-encoded 
nucleotides suggesting that the formation of this 
molecule structure does not require nor exclude the 
presence of non-encoded nucleotides. 
 
 
The sequence surrounding the newly identified 
Oenothera atp1 5' end is similar to the processing 
site at the mature 5' termini of 18S rRNAs 
 
The analysis of in vivo and in vitro head to tail 
connected Oenothera atp1 transcripts revealed new 
5’ ends about 75 nucleotides downstream of the 
transcription initiation site. A 21 nucleotide 
sequence segment comprising these termini is also 
found at 5' ends of the mature 18S rRNA in 
different plant species (Fig. 6) (26). A primer 
extension analysis of this rRNA from Oenothera 
further showed these ends to be at similar 
nucleotide positions as those of the atp1 mRNAs. 
Since the mature 18S rRNA 5' end is generated by 
processing (most likely endonucleolytic), a similar 
scenario is likely for the newly identified –131 to –
136 atp1 ends (Fig. 6, left panel). The short 
identical sequence conserved at these ends could 
serve as a processing signal for an endonucleolytic 
cleavage. A different conserved block of 24 
nucleotides is found at the mature 5’ end of 
Oenothera 26S rRNA and the 5' terminus of the 
shortest transcript of the atp9 gene in the same 
organism (27). This may suggest that 
endonucleases generating the mature termini of the 
ribosomal RNAs also operate on mRNAs 
containing identical or very similar sequence 
segments. The primary sequences rather than higher 
order structures of the RNAs may thus determine 
the site of the endonucleolytic cleavage. The 

function and significance of the processing within 
the 5’ untranslated region of the atp1 mRNAs 
remains unclear, since only about half of the steady 
state atp1 transcripts are processed as estimated 
from the primer extension analysis (Fig. 5). 
 
 
Is an RNA ligase involved in the formation of 
head to tail connected RNA species? 
 
One of the most important questions is how the 
extremities of an RNA are connected in vivo. The 
most likely explanation is the joining by an RNA 
ligase and there are indeed arguments that point 
into this direction.  
First, only a single cDNA clone deriving from in 
vivo connected Oenothera atp1 transcripts exactly 
coincides with the transcription initiation site, while 
27 of 32 clones (84%) contain the –131 to –136 
ends. A similar bias is observed among the 5’ ends 
detected after in vitro ligation with T4 RNA ligase. 
Here 20 of 21 clones contain the –131 to –136 
termini and only a single clone corresponds to an 
RNA with a 5' end close to the transcription 
initiation site. These frequencies are in contrast to 
ends found in the primer extension analysis. Here 
similar amounts of the steady state atp1 transcripts 
have 5’ ends corresponding to the transcription start 
site and to the –131 to –136 ends, respectively (Fig. 
5). Thus head to tail connection in vivo and in vitro 
by T4 RNA ligase have a clear bias towards the 
shorter end. This preference for the shorter ends is 
determined by the ligase reaction mechanism, 
which allows only the ligation of 5' ends with 
monophoshpate groups suggesting that 5' to 3' end 
joining in vivo is also performed by an RNA ligase.  
Second, in pea mitochondria no in vivo head to tail 
connected cox2 transcripts are detectable. For this 
gene three different 5' termini have been mapped 
and there is strong evidence that all of these 
originate from transcription initiation events and 
thus carry 5’ triphosphates. Consistent with this 5' 
ends in cDNAs from in vitro ligated RNAs never 
coincide with the primary 5' termini mapped by 
primer extension analysis (17). Only a 
subpopulation of RNAs with slightly shortened 5' 
ends are ligated. Thus the amount of in vivo head to 
tail RNA species that could be formed by an RNA 
ligase may be extremely low escaping detection by 
RT-PCR. 
Mitochondrial RNA ligases have been identified in 
kinetoplastida, where they play a crucial role in the 
posttranscriptional RNA editing process (28, 29). In 
these protists two such enzymes are involved in the 
ligation of the mRNA moieties after insertion or 
deletion of uridine(s). They are also responsible for 
the ligation of the mRNA upstream part to guide 
RNAs (30), but there is to our knowledge no report 
of head to tail ligated mRNAs in kinetoplastida. 
Ligases operating on DNA are present in 
mitochondria of human, mouse, Xenopus and yeast 
(31-34). These enzymes are suggested to be 
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involved in replication, DNA repair and possibly 
also in recombination. Nothing is known about 
RNA or DNA ligases in plant mitochondria. While 
DNA replication definitively requires the presence 
of a DNA ligase, the here reported linkage of 
mRNA termini is the first report on a process 
requiring RNA ligase in plant mitochondria.  
 
 
What is the function of head to tail connected 
transcripts in plant mitochondria? 
 
At present one can only speculate about the 
importance of transcripts with a head to tail 
conformation. They are clearly a minor fraction of 
the steady state RNA pool indicating that a 
potentially increased stability through protection 
against exonucleolytic degradation might not be an 
important feature. Such protection would only be 
yielded by the circular form, which so far has not 
been observed in vivo. The circular form could 
resemble the pseudo circular form of 
nuclear/cytoplasmic mRNAs with a non-covalent 
interaction between 5' and 3' terminus mediated by 
several proteins enhancing translation efficiency 
(13, 35). Although it remains to be determined 
whether a similar effect can be attributed to 
covalently connected circular mitochondrial 
transcripts, the here detected head to tail 
conformation may indicate an interaction of the 5' 
and 3' extremities of at least certain mRNAs even if 
the formation of the phosphodiester bond occurs 
incidentally in plant mitochondria. 
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FIGURE LEGENDS 
 
Fig. 1. Detection of head to tail joined atp9 
transcripts in pea mitochondria. A, Strategy used 
for the detection of in vivo 5' end to 3' end ligated 
pea atp9 mRNAs. Oligonucleotides used for the 
RT-PCR analysis across the in vivo junction are 
indicated by horizontal arrows along the mRNA 
(bold line). The atp9 reading frame is bordered by 
the ATG and TAA codons. The orientation of the 
transcript is indicated by fading from black (5' end) 
to white (3' end). The potential double stem-loop 
structure at the 3' terminus is indicated. For clearer 
presentation of the location and orientation of the 
oligonucleotides, the mRNA is shown in circular 
form, although there is no experimental evidence 
for this conformation. B, Agarose gel 
electrophoresis of PCR products obtained in the 
RT-PCR analysis across the 5' -3' junction. Two 
major products of about 350 and 200 nucleotides 
are obtained in the first reaction with primers PA2 
and T7IVR+ (left panel). Since products of about 
390 nucleotides are expected upon the joining of 
the major 5' and 3' termini, cDNAs with sizes 
between 250 and 500 bp (range indicated on the 
right) are recovered from the gel and used as DNA 
templates in two nested PCRs with oligonucleotide 
pairs PA19/PAXI (center panel) and PA21/PAXI 
(right panel). Fragments of about 80 and 330 bp, 
respectively, are cloned and sequenced (lanes 2a 
and 2b). Sizes of coelectrophoresed DNA marker 
fragments (lanes M) are given on the left hand 
sides.  
 
 
Fig. 2. cDNA sequences across pea atp9 in vivo 5' 
to 3' junctions. A, Schematic structure of the atp9 
locus in the pea mitochondrial genome. Three 5’ 
ends (bent arrows) and a single 3’ terminus 
(inverted arrow heads) have been mapped upstream 
and downstream of the pea atp9 reading frame 
(box). The genomic sequences surrounding the 5’ 
end of the shortest transcript and the 3’ end are 
indicated. Vertical arrows beneath the sequence 
indicate transcript 3’ termini found in previous 
analyses. B, Sequences of 29 individual cDNA 
clones. The number of clones found for each of the 
5’ to 3’ linkages (dash) is given on the left. 5' 
sequences are given in white letters on black fading 
boxes. Non-encoded nucleotides are given in lower 
case letters. Numbering refers to the first 
nucleotides of the translation start codon (+1). Parts 
of the double inverted repeat are indicated by gray 
arrows in the background of the 3’ sequence. 
 
 

Fig. 3. Analysis of Oenothera atp1 transcripts. A, 
Schematic representation of the atp1 mRNA in the 
circular form and location of the primers used. B, 
Agarose gel analysis of PCR products obtained 
with primer pairs OA2/ORacel (left panel) and 
OA4/OAX1 (right panel). Since a product of about 
730 nucleotides is expected in the first PCR (lane 1) 
cDNAs with sizes between 500 through 800 
nucleotides (range indicated by bracket) are used as 
DNA templates in the second PCR. This generated 
a fragment of about 250 nucleotides (lane 2), about 
70 nucleotides shorter than expected from the 
single previously mapped 5’ terminus.  
 
 
Fig. 4. Oenothera atp1 cDNA sequences of head to 
tail connected 5' and 3' extremities. A, Genomic 
sequences at 5’ and 3’ termini of Oenothera atp1 
transcripts. B and C. Sequences encompassing of 
head to tail connection of in vivo (B) and in vitro 
(C) joined RNAs. Structure, marking and lettering 
is analogous to Fig. 2B. 
 
 
Fig. 5. Primer extension analysis of Oenothera atp1 
transcripts. The upper part shows primer extension 
products (lane P, numbered arrows) separated 
alongside pGEM marker fragments (lane M), the 
sizes of which are given in nucleotides at the left. 
The numbering of the extension products 
corresponds to the cartoon. Bottom part: First 
strand synthesis is initiated at oligonucleotide OA2 
(location indicated by a vertical line) annealed 
within the atp1 coding region (open box). The 
larger of two extension products (dashed lines) 
marks the transcription initiation site indicated by 
the bent arrow on the hatched box.  
 
 
Fig. 6. Sequence box conserved at Oenothera atp1 
and 18S rRNA 5’ ends. Left panel: Primer 
extension products (lane P) obtained with 
oligonucleotide 18S-2 were coelectrophoresed with 
sequencing fragments (G, A, T, C) obtained with 
the same primer. Left panel: The –131 through –
136 5' ends (horizontal arrows, lengths indicating 
the relative abundance) of Oenothera atp1 
transcripts are found at similar nucleotide positions 
within a sequence element (boxed) at the mature 5' 
termini of the 18S rRNA genes (rrn18) from 
Oenothera berteriana (O. b.), Solanum tuberosum 
(S. t.), Pisum sativum (P. s.) and Arabidopsis 
thaliana (A. t.). 
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6.1.4 RT-PCR analysis of 5’ to 3’-end-ligated mRNAs identifies the 
extremities of cox2 transcripts in pea mitochondria 
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6.5 Deutschsprachige Zusammenfassung 

In der vorliegenden Arbeit wurden mehrere Gesichtspunkte der mRNA 

Prozessierung in Pflanzenmitochondrien untersucht. Dies geschah nicht nur auf 

Ebene der mRNA und ihrer Modifikationen, sondern auch durch die 

Charakterisierung eines Proteins, das möglicherweise an der 3’ mRNA 

Prozessierung in Mitochondrien von höheren Pflanzen beteiligt ist. 

Die identifizierte RNA Helikase aus Arabidopsis thaliana zeigt eine große Ähnlichkeit 

zu dem SUV3 Protein aus Hefe. Es konnte gezeigt werden, dass die im Zellkern 

kodierte DExH Box RNA Helikase (AtSUV3) in den Mitochondrien von Arabidopsis 

thaliana lokalisiert ist. Die AtSUV3 mRNA ist mit einer Länge von 2500 Nt aus 16 

Exons zusammengesetzt und kodiert für ein Protein mit einer molekularen Masse 

von 63,6 kDa. Das Protein besitzt charakteristische Motive von DExH Box RNA 

Helikasen und zeigt eine schwache ATP spaltende Aktivität, die durch mitochondriale 

RNA stimulierbar ist, was ein deutlicher Hinweis auf eine Funktion als RNA Helikase 

ist. 

Um den Einfluss posttranskriptionaler Modifikationen auf die 3’ Prozessierung und 

die mRNA Stabilität in pflanzlichen Mitochondrien zu bestimmen, wurden das atp9 

Gen der Erbse und das atp1 Gen aus Oenothera auf 3’ nicht kodierte Nukleotide 

untersucht. Die gefundenen Polyadenylierungen befinden sich fast ausnahmslos an 

zuvor identifizierten 3’ Enden. Funktionelle Analysen polyadenylierter Substrate der 

beiden Gene ergaben ein rasches Entfernen der homopolymeren Anhänge. Die in 

diesen RNAs vorhandenen Stem-Loop Strukturen verhindern den weiteren Abbau 

und heben fast vollständig die beschleunigende Wirkung der Polyadenylierung auf. 

Ganz im Gegensatz dazu wurden polyadenylierte Transkripte ohne eine 

stabilisierende Stem-Loop Struktur weit schneller abgebaut als Substrate ohne 

Poly(A)-Anhänge. Bei einer in vivo Untersuchung von 3’ Enden in einem alternativen 

3’ RACE Ansatz wurden nicht kodierte Anhänge mit einer Länge von maximal 3 

Nukleotiden identifiziert, die sich hauptsächlich aus Adenosinen zusammensetzten, 

die vorwiegend mit Cytidinen kombiniert sind. Weitere funktionelle Analysen von 

Substraten mit verschieden langen homopolymeren Anhängen zeigten, dass 3 

Adenosine nicht für eine Stimulierung des Abbaus ausreichen, wohingegen 10 oder 

mehr Adenosine den Abbau deutlich beschleunigen. Generell scheint eine 

Polyadenylierung die Abbaurate von mRNA Molekülen zu beschleunigen, dem 
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jedoch die stabilisierende Wirkung einer Stem-Loop Struktur entgegenwirkt. Aus 

diesen antagonistischen Effekten resultiert eine effiziente Bildung von 3’ 

prozessierten und stabilen Transkripten. 

Bei der weiteren Charakterisierung von reifen Transkriptenden in vivo wurden für das 

atp9 Gen aus der Erbse und das atp1 Gen aus Oenothera Moleküle identifiziert, bei 

denen das 5’ Ende kovalent mit dem 3’ Ende verknüpft ist. Die Bildung solcher RNA 

Moleküle ist unabhängig von der Addition nicht kodierter Nukleotide, scheint aber von 

der Verfügbarkeit eines prozessierten 5’ Endes abzuhängen. Ein solches 5’ Ende 

zeichnet sich im Gegensatz zu einem primären transkriptionalen Ende durch eine 

Monophosphatgruppe aus, die für einer Ligationsreaktion Voraussetzung ist. 

Um einen generelleren Einblick in die Bildung von Transkriptenden in 

Pflanzenmitochondrien zu erhalten, wurde das bereits zuvor untersuchte cox2 Gen 

aus der Erbse exemplarisch mit Hilfe eines neuen methodischen Ansatzes 

untersucht. Dieser basiert auf einer Zirkularisierung der RNA und einer 

anschließenden RT-PCR über die Verknüpfungsstelle. Hierbei wurden die bereits 

bekannten Ergebnisse bezüglich der cox2 Transkriptenden widerlegt. Die 

Verlässlichkeit dieser Methode wurde durch zusätzliche unabhängige Experimente 

bestätigt. 
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