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39-Inverted repeats in plant mitochondrial mRNAs
are processing signals rather than transcription
terminators

Hauswirth, 1992; Binderet al., 1996). Candidate structuresSaskia Dombrowski, Axel Brennicke and
for modulation of RNase access to mRNAs are invertedStefan Binder1

repeat (IR) sequence elements often found in the 39-
Allgemeine Botanik, Universita¨t Ulm, Albert-Einstein-Allee, untranslated regions of mRNAs (Schusteret al., 1986).
D-89069 Ulm, Germany The potential link between regulated RNA levels and the
1Corresponding author role of these IRs at the mRNA 39-termini is as yet
e-mail: stefan.binder@biologie.uni-ulm.de unresolved.

39-IR structures are not necessarily associated with post-
A number of mRNAs in plant mitochondria contain transcriptional RNA regulation, since such structures in
inverted repeats at their 39-termini. These have been the last nucleotides of the steady-state mRNAs have been
discussed as potential transcription terminators or, identified as functioning as transcription terminators in
alternatively, as post-transcriptional processing and bacteria and as regulating termination of transcription in
stability signals of longer precursor RNAs. In vitro animal mitochondria (Clayton, 1984; Chenget al., 1991;
transcription in a pea mitochondrial lysate now shows Cohen, 1995; Nudleret al., 1995). In the latter genetic
that transcription proceeds almost unimpeded through system, high expression of the rRNA genes is ensured by
these inverted repeat structures. To investigate their a modulating transcription termination signal at the 39-
potential function in mRNA processing, we developed terminus of the large rRNA. Here transcription is allowed
an in vitro processing system from pea mitochondria. to proceed to the downstream protein-coding genes only
This in vitro system correctly processes synthetic pre- in the absence of transcription-terminating proteins
cursor mRNAs containing the peaatp9 double stem– (Christianson and Clayton, 1988; Dagaet al., 1993; Min
loop structure, yielding the same 39-termini observed and Zassenhaus, 1993; Fernandez-Silvaet al., 1997).
in vivo. Analysis of the in vitro-generated products and On the other hand, such stem–loop structures have been
of the processivity of the reaction suggests exonucleo- found to act as processing signals and stabilizing elements
lytic degradation up to the stem–loop. The inverted for the matured RNA in both bacterial and chloroplast
repeat structures found at the 39-termini of mRNAs in transcripts (Stern and Gruissem, 1987; Manley and
plant mitochondria are thus recognized as processing Proudfoot, 1994; Cohen, 1995; Rochaix, 1996; Sugita and
and most likely also stabilizing signals in transcript Sugiura, 1996). Protein complexes binding to these signalmaturation, but do not terminate transcription. structures in bacteria as well as in plastids contain a
Keywords: inverted repeat/in vitro processing/peaatp9/ complex combination of exo- and endonucleases contribut-plant mitochondria

ing to and effecting controlled maturation of the mRNAs
(Stern and Gruissem, 1987; Hsu-Ching and Stern, 1991;
Nickelsen and Link, 1993; Manley and Proudfoot, 1994;
Cohen, 1995; Drageret al., 1996; Rochaix, 1996; Sugita

Introduction and Sugiura, 1996). Binding efficiences of these mRNA-
specific protein complexes furthermore determine the half-In all organisms gene expression is regulated at many
life and turnover of the given message. Upon disturbancedifferent levels. The amount of available RNA molecules
or dissociation of the complex, the mRNA becomesis often controlled by a combination of transcriptional and
accessible to degradation by nucleases.post-transcriptional processes. RNA stability and RNA

In chloroplasts, several components of these activitiesprocessing can regulate mRNA quantities corresponding
have been identified and are found to be homologous, toto the requirements. The specific modes and pathways
a considerable extent, to the respective bacterial proteinsgoverning mRNA maturation and stability have been
(Carpousiset al., 1994; Hayeset al., 1996). This suggestsanalyzed in bacteria and in the cytoplasm of eukaryotes
that the framework controlling 39-mRNA maturation path-(Birnstiel et al., 1985; Manley and Proudfoot, 1994).
ways has been introduced into plastids by the ancestralSeveral studies have also investigated the control of mRNA
cyanobacteria-like endosymbiont. In addition, genes for alevels in the organelles of eukaryotic cells, particularly in
number of participating RNA-binding proteins have beenanimal and yeast mitochondria and in chloroplasts of
identified in the nuclear genome, which appear to beChlamydomonasand higher plants (Rochaix, 1996; Sugita
members of larger RNA-binding protein families and mayand Sugiura, 1996).
be of a different, non-endosymbiont origin (Hayeset al.,In plant mitochondria, however, little is known about
1996; Sugita and Sugiura, 1996).the regulation of mRNA maturation and quantity control.

In plant mitochondria, the IR structures identified atDifferential and specific RNA stabilities have been
the 39-termini of several mRNAs may have functionsobserved in plant mitochondria, suggesting controlled
analogous to those seen in plastids, but may also serveregulation of steady-state transcript half-lives (Finnegan

and Brown, 1990; Mulliganet al., 1991; Muise and entirely different functions (Schusteret al., 1986). The
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Fig. 1. Inverted repeat structures do not terminate transcription in plant mitochondria. (A) DNA templates were constructed with the peaatp9 IR
downstream of the peaatp9 promoter (construct P). As control (construct C; patp9SK630), theatp9 promoter without IR sequence was used.
Structures and sizes of the expected run-off transcript (1), the expected termination product (2) and the control (3) are shown by dotted lines.
(B) Incubation of these sequences in thein vitro transcription lysate yields the correct run-off transcript in the control as well as from the IR
template P. Shortened RNA molecules contain 39-ends scattered between the run-off length and the IR. (C) The influence of the surrounding
sequence context was probed by embedding the pea IR into anatp9 soybean promoter sequence context (construct S). Structures and sizes of the
expected run-off transcript (4), the expected termination product (5) and the control (6) are shown by dotted lines. (D) RNA products obtained upon
in vitro transcription from the soybean promoter with the pea protein lysate likewise show little termination of transcription at the IR. Restriction
sites are indicated:SfuI (S), ClaI (C), KpnI (K), RsaI (R), EcoRV (E) andXbaI (X). The DNA length standard (M) separates into the two strands in
this denaturing gel and only gives approximate sizes for the RNA molecules, which are indicated with their correct sizes (arrows).

presence or absence of such IRs in otherwise similar Results
transcription units has been correlated with differential

The 39-terminal IR does not terminate transcriptionsteady-state abundance of mRNAs. In certain rice and
in vitrowheat lines, for example, out of two cytochromeb genes
To investigate the potential function of the 39-terminal IRonly the gene containing a double stem–loop structure
in plant mitochondrial transcription termination, templatesyields detectable amounts of transcript (Saalaouiet al.,
were constructed containing the pea mitochondrialatp91990; Kaleikauet al., 1992). These observations suggest
stem–loop region 294 nucleotides downstream of thea function for these IR structures in the control of RNA
corresponding peaatp9 promoter (Figure 1). Theatp9 IRprocessing and stability in plant mitochondria.
region has been found at the 39-ends of all three transcriptsWe have now investigated the potential role of these
of this gene with different 59-extensions (Morikami andstem–loop structures in plant mitochondria. Two different
Nakamura, 1993). TheKpnI-linearized DNA templatepeain vitro systems allowed differentiation between their
continues a further 55 nucleotides beyond the IR structurepossible regulatory function in transcription termination
to monitor its influence. Run-off transcripts initiated atand/or mRNA processing. While transcription does not
the atp9 mitochondrial promoter in this template shouldappear to be inhibited by these structures in a pea
thus cover 419 nucleotides, whereas transcripts terminatedmitochondrialin vitro transcription system, a more com-
just downstream of the IR should be ~364 nucleotidesplex protein lysate used inin vitro processing recognizes
in length.the IR structures as processing signals. The precursor

When this construct is assayed in a peain vitromRNAs are trimmed correctly, yielding a stable RNA
transcription system (Binderet al., 1995), transcription isterminating just downstream of the IR structure. The
initiated correctly at theatp9 promoter (Figure 1). Thecomplementary analysis ofin vivo andin vitro processing
vast majority of the RNA products correspond to run-offat IRs inBrassicamitochondria described in the accom-
transcripts of 419 nucleotides containing the IR element.panying manuscript confirms the generality of these pro-

cessing signals. A portion of the transcripts generated on this IR template
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accumulate as smaller RNA molecules, with lengths sug-
gesting 39-termini located between the IR and the ends of
the run-off molecules. In the control reaction, a template
without any IR yields only the full-length run-off tran-
scripts, as indicated by the discrete RNA population
(Figure 1B and D, lanes C).

To differentiate between the influences of upstream
sequence and the IR structure, the peaatp9 hairpin
sequence was embedded into a heterologous nucleotide
context downstream of the soybean mitochondrialatp9
promoter (Figure 1C and D). The observedin vitro
transcription products are again predominantly run-off
RNAs (376 nucleotides) but, as in the pea context, smaller
RNA species of ~321 nucleotides are generated with 39-
termini scattered between the IR structure and the run-off
39-end. These observations show that the RNA sequence
region 59 to the IR has no detectable influence upon Fig. 2. The IR sequence destabilizes adjacent downstream transcript
recognition and function of the IR. Consequently, 59- sequences in thein vitro transcription lysate. To test whether the RNA

molecules smaller than the run-off transcripts observed in thein vitroshortened substrates were used for improved accuracy in
transcription (Figure 1) are indeed generated by specific degradation,the subsequentin vitro processing experiments, as detailed
96 nucleotide long RNAs synthesized from T7 promoters were

in Materials and methods. incubated with thein vitro transcription lysate (lane S is a short, lane
L a long exposure). The RNA molecule distribution generated is
similar to that observed in thein vitro transcription (Figure 1),The IR structure controls transcript processing
suggesting that the shorter molecules are indeed derived exclusivelyThe above results suggest that in thein vitro transcription
by post-transcriptional processing. Long exposure (lane L) reveals asystem, the presence of an IR structure stimulates thevery small amount of RNAs with 39-ends close to the IR structure.

generation of RNA molecules smaller than the run-off The schematic drawings on the right identify the different RNA
products. If these smaller RNAs are derived by degradation molecules of assayed RNA, intermediates and processed RNA. Control

incubation (C) without lysate for 1 or 30 min respectively shows noof larger molecules, they should also be generated when
degradation of the RNA.synthetic RNA molecules containing the peaatp9 IR are

incubated with the transcriptionally active lysates.
To test this, RNA molecules containing 21 nucleotides through the respective sense constructs. The relative

amounts of the intermediate products and of the apparentlyupstream and 28 nucleotides downstream of the 47 nucleo-
tide long IR were synthesized from T7 promoters and correctly trimmed molecules terminating just close to the

IR appear to be distributed similarly to those in the assaysincubated in the mitochondrialin vitro transcription lysate.
The added RNA molecules are found to be shortened with the sense IR templates. Thus the spatial structure

rather than the primary RNA sequence determines recogni-similarly to the transcripts generated from the internal
promoter in the mitochondrialin vitro transcription assay tion of the IR element as a processing signal in plant

mitochondria.(Figure 2).
The presence of the IR structure thus appears to induce

destabilization of the downstream RNA region, probably A complex mitochondrial lysate efficiently matures

39-terminiby initiating access to RNase(s), and at the same time to
inhibit processivity of the RNase(s) at the IR. This To investigate the potential for more efficient reaction

conditions, in vitro processing of RNA substrates con-conclusion is confirmed by the observation that RNA
substrates without an IR are either stable or are degraded taining the peaatp9 IR was tested in more complex

mitochondrial lysate fractions. Incubation with such pre-rapidly without enhanced stabilization of intermediate
breakdown products becoming apparent (Figure 1B and parations indeed yielded the RNA degradation products

much more efficiently (Figure 4). Correct products of ~68D, lanes C).
However, the IR-induced RNA termini appear to be nucleotides, coinciding in length with a product shortened

downstream of the IR, rapidly accumulate and representgenerated rather inefficiently in this mitochondrial subfrac-
tion optimized forin vitro transcription, suggesting that this the most prominent RNA species generated during the

in vitro processing reaction.lysate is somewhat depleted for one or more compounds
essential for optimal mRNA maturation. The time course of the reaction reveals far fewer

intermediate products appearing transiently than in the
in vitro transcription fraction. Upon prolonged incubation,IR structures are also recognized in antisense

RNAs further degradation of the RNA with some slightly pre-
ferred degradation intermediates becomes apparent, asTo differentiate between the influence of the structure of

the IR and its primary sequence upon RNA processing, expected in such complex organellar protein mixtures
(data not shown). However, none of the observed RNAthe fate of transcripts containing the peaatp9 IR in

antisense orientation was investigated (Figure 3). The degradation products match the 28 nucleotide long RNA
expected for the 39-trailer upon endonucleolytic cleavage,IR element was inverted downstream of both sequence

contexts, i.e. the pea and the soybean mitochondrialatp9 suggesting either an extremely rapid breakdown of this
trailer to mononucleotides or exonucleolytic processingpromoter regions (Figure 1).In vitro transcription proceeds

through the inverted IR sequence as little inhibited as from the 39-end of the precursor RNA.
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Fig. 3. The spatial structure and not the primary sequence of the IR is
essential for its function. To differentiate between the influence of the

Fig. 4. RNA molecules are processed efficiently in the peastructure of the IR and the primary sequence of this region, constructs
mitochondrialin vitro processing extract. With increasing incubationcontaining the IRs in antisense orientation were incubated with a
periods (lanes 1–6: 1, 5, 10, 20, 30 and 60 min) RNA moleculesmitochondrialin vitro transcription lysate. In the pea (lane P) as well
synthesized from T7 promoters are increasingly degraded to productsas in the soybean (S) context, the antisense IR does not terminate
ending just downstream of the IR structure. This mitochondrial lysatetranscription efficiently. However, it induces the generation of smaller
thus contains all specificity determinant(s) for efficient and correct IRRNA molecules by successive 39 degradation, while the control RNA
recognition and processing. Prolonged incubation degrades the RNA(C) without the repeat is comparatively stable.In vitro transcription
further to apparently unspecific intermediate products. C1 and C60 aretemplate constructs are as in Figure 1A and C, but with theClaI
control incubations of the RNA without lysate for 1 and 60 minfragment in the opposite orientation. Transcript 1, run-off from the pea
respectively. Structures of the incubated RNA and the resultingtemplate; transcript 2, run-off from the soybean template; transcript 3,
product are depicted on the right. A DNA standard is shown on theexpected RNA length at the end of the IR (pea); transcript 4, control
left.RNA without IR; transcript 5, expected RNA length at the end of the

IR (soybean).

Discussion

The IR structures downstream of coding regions inThe in vitro-generated 39-termini match in vivo

mRNA ends plant mitochondrial genes do not terminate

transcriptionAlthough the length estimations of the processing products
generatedin vitro suggest processing near the IR structure, The hitherto unclear function of the IR structures was

analyzed by means ofin vitro transcription andin vitrothe resulting 39-termini still needed to be determined more
precisely and had to be compared with thein vivo termini. processing assays. Investigation of the transcriptional

processivityin vitro shows that, at leastin vitro, transcrip-The 39-ends ofatp9transcripts were therefore investigated
by S1 protection in a direct comparison of thein vivo- tion is not terminated effectively by the IR structure, but

that the majority of the transcripts continue unimpededand in vitro-generated RNAs (Figure 5). This experiment
shows the distribution of the 39-RNA termini to be into the sequence beyond (Figure 1). The derivation of

the smaller RNA molecules from secondary degradationidentical between thein vitro- and in vivo-generated
RNAs. In both systems, the terminal nucleotides are of full-length run-off RNAs is confirmed by incubation

of pre-synthesized transcripts in this same lysate (Figurescattered over a few nucleotides at the 39-side of the IR
region, showing identical distributions of major and minor 2). The presence of RNA moleculesin vivo extending

beyond the IR structure (Figure 5) confirms that thisRNA termini.
Altering the ratio between RNA and nuclease S1 by structure does not represent an absolute steric barrier for

transcription alsoin vivo.increasing the quantity of thein vivo mitochondrial RNA
(Figure 5, lane 1) reveals the presence of larger RNA The very similar patterns of intermediates and mature

processing products in thede novotranscription and ofmolecules in mitochondria. This observation supports the
conclusion that the IR structures can also be passed by added RNA molecules in thein vitro transcription lysates

suggest that termination of transcription does not con-the transcription processin vivo.
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by the tightly regulated control of processing. Thus,
transcription may continue for quite a long distance along
the mitochondrial genome up to as yet unclear steric
obstacles, with processing defining mature and stable
transcripts. Processing most likely also uses additional
signals, since not all 39-transcript termini locate at stem–
loop-forming IR structures.

IRs induce degradation of downstream RNA

regions

Transcripts synthesized in the peain vitro transcription
system (Binderet al. 1995) appear to be rather stable and
show little degradation (Figure 1B and D, control lanes C).
Introduction of an IR structure, however, partly destabilizes
transcripts and results in several smaller RNA species.
The smallest of these RNAs still contains the IR element
and has been shortened by the entire 39-extension. The
co-linearity between probe and product is confirmed by
the S1 protection experiments (Figure 5). The IR thus
appears to destabilize the 39-region downstream of the
stem–loop and to induce its successive degradation, as
evidenced by the appearance of intermediate RNA species.
This selective destabilization is confirmed by incubation
of RNA molecules in thein vitro processing lysate, which
rapidly dissociates the 39-terminal nucleotides up to the
IR structure, but not the stem–loop itself and upstream

Fig. 5. Comparison betweenin vivo- and in vitro-generated 39-RNA sequences.
termini at the pea mitochondrial IR structures. The precise

The presence of the IR structure seems to stabilizeRNA 39-termini were compared at the nucleotide level between the
upstream sequences, since RNA molecules without suchin vivo peaatp9 mRNA (lane 2 with 20µg and with five times the

quantity of mitochondrial RNA, 100µg, in lane 1) and thein vitro an IR are degraded without any discernible pausing or
product generated in the processing lysate (lane 3). The protected detectable intermediate species (Figure 1B and D, control
DNA molecules show virtually identical patterns forin vivo and lanes C). In plant mitochondria, these IRs appear toin vitro RNAs. The identicalin vivo and in vitro termini (long arrows)

have a dual function, assembling the RNase/processinglocate in the far stem. The larger RNA molecules seen in lane 1 with
activity(s) and at the same time protecting the upstreaman increased amount of RNA show that longer RNA molecules do

exist in vivo, confirming thatin vivo transcription can also proceed RNA moiety, regulating controlled processing of mRNAs
through the IR. Short arrows indicate the very close positions of the in these organelles.
atp9 in vivotermini mapped independently and with different S1
conditions (Morikami and Nakamura, 1993). Controls are, in lane C1,

Requirements for IR recognition and an efficientthe DNA fragment without S1 and RNA and, in C2, the DNA
fragment digested with S1 but without RNA. Sizes of a DNA marker mitochondrial in vitro processing lysate from pea
(M) are given in nucleotides on the left. The sequence ladder Exchange of the sequences upstream of the IR shows that
(G,A,T,C) was generated from the same primer atp9-1 as the S1 indeed the IR element rather than the upstream sequencetemplates.

environment carries the essential information. Even the
interspecies exchange between pea and soybean contexts
leaves its function undisturbed. Incubation of the antisensetribute detectably to the observed reaction products. A

role for these IRs as transcription terminators in plant IR sequence, furthermore, shows the destabilizing/stabiliz-
ing function of the IR to reside in the structure rather thanmitochondria is therefore highly unlikely, although it is

still possible that a specific transcription termination factor in a particular primary sequence (Figure 3). However,
additional sequence-specific recognition elements similarcould be missing from the mitochondrial lysates.

The bacterial recognition of such structures as transcrip- to 39-IR recognition in plastid RNAs may play modulating
roles and distinguish individual (or classes of) transcriptstional terminators (Manley and Proudfoot, 1994; Cohen,

1995) appears to have been lost in plant mitochondria as through sequence-preferred binding properties (Stern and
Gruissem, 1987; Rochaix, 1996; Sugita and Sugiura,well as in chloroplasts. In the latter, such stem–loop

structures have also been found to act as mRNA processing 1996).
Incubation of pre-synthesized RNA molecules in thesignals rather than terminating transcription. However, in

thesein vitro tests, a residual influence on transcriptional in vitro transcription lysate preparation from pea mitochon-
dria does yield the correct mRNA terminus, but in ratherpausing and release of the nascent RNA may be effected

by these IR tracts since, in theChlamydomonaschloroplast, low abundance and in fairly low quantities. The conclusion
that one or more specificity/activity factor(s) are depletedrbcL andpsaBIRs appear to terminate transcriptionin vivo

(Blowers et al., 1993) and bacterial terminators such as in this lysate is confirmed by more efficient processing of
the precursor molecules in the less specifically sortedthe thra structure are still a hindrance to a spinach

chloroplast RNA polymerase (Chenet al., 1995). mitochondrial lysate prepared forin vitro processing.
This RNA-processing lysate from pea mitochondriaIn plant mitochondria, the precise transcription termin-

ation found in bacteria appears to have been superseded competently matures added precursor RNA molecules to
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Structure rather than nucleotide sequence appears

to guide RNA degradation/maturation in plant

mitochondria

The 39-located stem–loop structures in plant mitochondrial
RNAs are engaged as processing signals during maturation
of mRNAs. The accompanying manuscript extends the
observations made here for pea mitochondria to another
dicot, demonstrating the processing/stabilizing effect of a
different IR in Brassica cybrids. Taken together, these
results show RNA stability to contribute to the regulation
of mitochondrial gene expression in plants.

The studies presented here for pea and in the accompany-
ing work for Brassicaextend the indirect observations of
differential RNA stability being conferred by genomic
differences between the 39-mRNA structures ofcobgenes
in vivo in rice (Kaleikauet al., 1992) and wheat linesFig. 6. Secondary structure model of the peaatp9 39-IR as a

processing signal in plant mitochondria. Transcript 39-termini (Saalaouiet al., 1990).
generated byin vitro processing coincide with thein vivo RNA At present, we cannot decide how much the accelerated
termini (long arrows) and are located in the furthest stem of the degradation of the RNA region 39 to the IR and thedouble stem–loop structure predicted for this IR. Short arrows indicate

enhanced stability of the RNA sequence upstream of thelonger transcripts identifiedin vivo (Morikami and Nakamura, 1993).
Accessory protein(s) and/or co-factor(s) at the same time protect the IR respectively contribute to regulating the quantity of
IR and upstream sequences and guide RNase(s) (open mouth) to the mature transcripts in plant mitochondria. Primary sequence
39-region. These are most likely exonucleases, as interpreted from the features, although not apparent in the antisense IR tran-apparent 39 to 59 processivity. A 59-GAGG-39 motif (boxed) is found

script, may well be ofin vivo importance, since theatp9in several plant mitochondrial genes at this position just preceding the
39-IR region itself is well conserved between pea andfirst stem of the respective IR.
broad bean in both primary sequence and secondary
structure (Wahleithner and Wolstenholme, 1988). In par-

the 39-side of the IR structure, yielding termini identical ticular, the 59-GAGG-39 element just 59 to the IR region
to the in vivo steady-state transcripts (Figures 4–6). The (Figure 6) could be an important element, since it is found
variation in thein vivo termini determined in this and a in several IRs from very different plants (Schusteret al.,
previous analysis (Morikami and Nakamura, 1993) is most 1986; Wahleithner and Wolstenholme, 1988). The precise
likely due to the different S1 conditions used. The lysate sequence features need to be dissected in detail, as has
appears to contain guiding co-factor(s) as well as the been done for plastid RNA maturation in algae and higher
attracted RNase(s) and, at the same time, factor(s) essentialplants (Stern and Gruissem, 1987; Rochaix, 1996; Sugita
for stabilizing the IR and the upstream RNA sequence. and Sugiura, 1996).

Exonucleolytic removal of downstream
Are 39-IR processing features similar in plantnucleotides
mitochondria, plastids and bacteria?The consistently observed presence of intermediate mole-
The RNA synthesizing and processing pathways of thecule sizes between the run-off transcripts and the smaller
bacterial endosymbiont were introduced into the eukary-matured RNAs terminating just downstream of the IR
otic host cell with the integration of the endosymbiont. Insuggests successive removal of the 39-nucleotides rather
the plant cell, two such systems were imported independ-than an endonucleotlytic cut just at the IR (Figures 1 and
ently with the plastid and the mitochondrion, respectively2). Furthermore, no RNA molecule of the size expected
(Herrmann, 1996). Several distinct scenarios are possiblefor the 39-trailer is observed, in any of the processing
regarding how RNA abundance is regulated in plant cellexperiments, above the unspecific degradation background,
organelles: firstly, regulatory factors may be the originaleven upon very long exposure (Figure 2, lane L; and
ones of the respective endosymbiont; secondly, somedata not shown). Such endonucleolytically derived RNA
components may have double functions and be usedproducts are stable enough in plant mitochondrialin vitro
in both compartments; and, thirdly, host factors of thelysates to be readily detectable, as seen in tRNA processing
eukaryotic nucleus may have been recruited for the organ-assays of wheat mitochondrial lysates (Hanic-Joyce and
elle(s). Thus, in investigating transcript processing andGray, 1990). Unless this trailer region is selectively
stability control in plant mitochondria, we must be awarehydrolyzed more rapidly, exonucleolytic digestion rather
of individual components being of either mitochondrial,than an endonucleolytic cut is the most likely explanation.
chloroplast or eukaryotic origin.Another argument for exonucleolytic removal of the 39-

In the comparison of the three genetic systems, plastidsregion is the presence of the scattered nucleotides observed
appear to have retained more bacterial features than thein the S1 protection experiments (Figure 5). However,
mitochondria, particularly when considering transcriptionsuch a scattering of RNA termini could, alternatively, be
initiation and the translational apparatus. The proteinsattributed to S1 artifacts, frequently generated by this
identified in the mRNA processing/stabilizing complex inenzyme (Figure 5). Slowly acting additional endonucleases
plastids are likewise mostly clearly recognizable homologsmay contribute to processing at other 39-termini, but may
of bacterial factors (Hayeset al., 1996). It will thus alsobe masked by the rapid exonucleases at this particular IR

sequence. be of evolutionary interest to identify and compare the

5074



39 Processing in plant mitochondria

and nucleic acids were precipitated with ethanol. After resuspension inindividual proteins involved in the post-transcriptional
5 µl of loading solution, the processing products were co-electrophoresedcontrol of mRNA maturation in plant mitochondria.
with a labeled double-stranded DNA length standard on 7% denaturing
polyacrylamide gels and detected by autoradiography.

Materials and methods
S1 nuclease protection analysis
The DNA fragment used in the S1 protection analysis of the 39-ends ofTemplate construction
in vitro processing products and of mitochondrialin vivo atp9 RNAsThe double inverted repeat located in the 39-untranslated region of the
was generated by PCR with primers atp9-1 (59-GAGGACGAGGC-mitochondrial peaatp9 gene (Morikami and Nakamura, 1993) was
CCCCAGC-39) and Reverse (59-GGAAACAGCTATGACCATG-39) andamplified by PCR between primers PA-11 (59-GTATCGATGTAGTCCC-
35 cycles with the following parameters: 1 min 94°C, 1 min 41°C andTGAGGAC-39) and PA-12 (59-TTATCGATGCTCTCTCCAAAACG-39)
1 min 72°C. The 39-ends of the DNA fragment were labeled withfrom a clone containing the type I allele of theatp1/atp9 arrangement
[α-32P]ddATP and terminal transferase under conditions recommendedas template (Morikami and Nakamura, 1987). The resulting DNA
by the manufacturer (Boehringer).KpnI-digested DNA fragments werefragment (102 bp) was digested withClaI and cloned in both orientations
separated on a 2% agarose gel, eluted from the gel, extracted withinto the respective sites in clones patp9SC550 and satp9XR482 (Binder
phenol/chloroform and ethanol precipitated.et al., 1995). In clone patp9SC550, the fragment was inserted into the

Total mtRNA was isolated from mitochondria as described (BinderClaI site 294 bp downstream of the peaatp9 promoter. In clone
and Brennicke, 1993).In vitro processing products were eluted from asatp9XR482, the IR was cloned into aClaI site located in vector
polyacrylamide gel slice in a buffer containing 0.5 M sodium chloride,sequences 251 bp downstream of the soybeanatp9 promoter. Correct
0.1 mM EDTA, 0.1% SDS and 1% phenol and were precipitated withinsertion and orientation of the IRs was monitored by DNA sequencing.
ethanol.In vivo mtRNA andin vitro processed RNA, respectively, wereCloning procedures followed standard protocols (Sambrooket al., 1989).
hybridized to the 39-labeled antisense DNA at 20°C for 14 h, followed
by digestion with 150 U of S1 nuclease at 37°C for 30 min. Reactions were

In vitro transcription assay
terminated by phenol/chloroform extraction and ethanol precipitation.Transcriptionally active mitochondrial lysates andin vitro transcription
Protected DNA fragments were resuspended in loading solution and co-assays with mtDNA templates were prepared and assayed as described
electrophoresed with a DNA length marker, and DNA sequencingpreviously (Binderet al., 1995).
products were obtained with primer atp9-1 on an 8% polyacrylamide gel.

Preparation of pea mitochondrial processing extracts
Miscellaneous techniquesFor in vitro processing assays, mitochondrial protein lysates were
Plasmid DNA was prepared and purified on CsCl gradients as describedprepared from mitochondria isolated from 6- to 7-day-old etiolated pea
elsewhere (Sambrooket al., 1989). Restriction digests were performedseedlings (Pisum sativum, var. Lancet) by differential centrifugation and
according to the manufacturer’s recommendations. Plasmid DNA waspurification on Percoll gradients. About 2 g of mitochondria were lysed
sequenced with a Thermo Sequenase fluorescent label primer cyclein the presence of 0.5% Triton X-100 and 1 M KCl. Insoluble components
sequencing kit according to the the manufacturer’s protocol (Amersham).were pelleted in a centrifugation step at 100 000g and the supernatant
Fluorescently labeled sequencing products were analyzed on anwas diluted with 1 vol. of buffer V containing 90 mM Tris–HCl pH 8.0,
ALFexpress sequencer (Pharmacia). Radioactive sequencing reactions0.1 mM EDTA, 0.5 mM dithiothreitol (DTT) and 2.5% glycerol.
were done with a T7 sequencing kit (Pharmacia).Hydrophobic proteins were removed from this suspension by adding

solid (NH4)2SO4 to a final concentration of 20% (w/v) and centrifugation
at 16 000g for 30 min. Proteins were precipitated from the supernatant
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