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ABSTRACT

We analyzed the structure and replication of the
mitochondrial (mt) circular DNA plasmid mp1 (1309 bp)
from the higher plant Chenopodium album (L.). Two
dimensional gel electrophoresis (2DE) revealed the
existence of oligomers of up to a decamer in addition
to the prevailing monomeric form. The migration
behavior of cut replication intermediates during 2DE
was consistent with a rolling circle (RC) type of
replication. We detected entirely single-stranded (ss)
plasmid copies hybridizing only with one of the two
DNA strands. This result indicates the occurence of an
asymmetric RC replication mechanism. mp1l has, with
respect to its replication, some unique features com-
pared with bacterial RC plasmids. We identified and
localized a strand-specific nicking site (origin of RC
replication) on the plasmid by primer extension
studies. Nicks in the plasmid were found to occur at
any one of six nucleotides (TAAG/GG) around position
735 of the leading strand. This sequence shows no
homology to origin motifs from known bacterial RC
replicons. mp1l is the first described RC plasmid in a
higher plant.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. X58911

molecule from maize was reported to bear a tRNA géhe (
Almost nothing is known so far about replication of these
molecules.

Most of our knowledge about replication of circular plasmids
was obtained from bacteria§). Two modes of replication have
been described for these molecules. According to the characteris-
tic structures of replication intermediates, these modes were
conventionally name@lando. During thed mode, which is used
by most of the plasmids, the sites of priming of leading and
lagging strand synthesis are located close to one another within
the origin of replicationf=11). Elongation of DNA synthesis can
proceed either unidirectionally or bidirectionally to dimers of the
replicon.

In the case of the or rolling circle (RC) mode of replication,
priming events for replication of the two strands are unlinked,
occuring at different origins (reviewedlif—16). In the first step,
the plasmid-encoded nicking/closing protein introduces a strand-
and site-specific nick in the so-called double-stranded (ds)
replication origindsg (17-19). The free 30H end generated is
then utilized as a primer for leading strand replication. Usually,
after one round of replication the nicking/closing enzyme
terminates strand displacement at its recognition sequence. Two
full-sized products, a ds and a single-stranded (ss) circular
molecule, are generated. However, the production of long linear
plasmid concatemers is well known from phlageplication 20)
and has also been described for bacterial plasgiid24). In the
latter casep-type replication was found to be recombination

The mitochondria of numerous groups of eukaryotic organismdependent. The second RC replication step is synthesis of the
such as fungi and plants, harbor several extrachromosontadiging strand. It is initiated via oligonucleotide priming in a

elements in addition to the genomic DNA (reviewed)iBy far

different plasmid region, the ss origss§ and is discontinous.

the largest number and strongest diversity among these mitochorifo date, plasmid replication in plant mitochondria has only
drial (mt) plasmids have been described for higher plantseen described for two circular DNA molecules fidima faba
(reviewed in2,3). These plasmids were classified into threg25) and one DNA circle fron€henopodium albun?6-28).
categories: circular DNA plasmids, linear DNA plasmids andlectron microscopic analyses of linearized replicative inter-
RNA plasmids. The circular DNA plasmids are very small andnediates of theV.faba plasmids indicated that replication
lack homology to known genes. Their origin remains a matter ofiginates at a specific origin and proceeds in a unidirectional
debate. A few mt plasmids were reported to share homology withanner around the molecules @ighaped intermediates. More
sequences in the nucleu§ ©r with parts of the chloroplast recently, we reported on the unusual migratory behavior of the
genome %). Plasmids can be lost without phenotypic conseeircular 1.3 kb mt plasmid mp1 frotalbum(see map in Fid)
guences to the plant, possibly with one exception, a 2.3 kb DNduring pulsed-field gel electrophoresis, showing additional linear
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Miul medium during the logarithmic growth phase. Mitochondria were
isolated and lysed as described rece@i2g). Total mtDNA,
including the plasmid mp1 (1309 bp; FigEMBL accession no.
X58911) was purified by RNase digestion, phenol/chloroform
extraction and ethanol precipitatidtby.

Bacterial plasmid preparation

The mt plasmid mp1 was cut wlBlanHl, ligated into th&arrHl|
Scal site of vector pGEM3zf(+) (Promega, Madison, WI) and cloned
in Escherichia colcells ¢£8). Transformants were grown at’&7
for 3-5 h in LB medium supplemented with ampicillin (&
ml). The cells were harvested and recombinant plasmid DNA was
Smal isolated according to a standard proto@6).(

Fokl

Hind | Two-dimensional (neutral/neutral) gel electrophoresis (2DE)

BamH 5‘? —— This method was performed according to Brewer and Fangman
(36-38) and used for replication studies with plasmid mp1l. For
Figure 1. Restriction map of the mt plasmid mp1 frénalbum The positions this purpose:B Hg MIDNA was cut with reStn.Ctlon endonUCIGaseS.'
of recognition sites of endonucleases with single restriction sites in the sequende® digest mp1, enzymes were selected which had only one cutting
are shown. Thi/lul site was chosen as the position of the first nucleotide. Site in the plasmid (see map of the plasmid inEidrestriction
(Fj’_utattii\(/; oréeggefdligg f{ﬁrgiz at;e In%lgftlltgg I% grrg\l%s ag;%rdzin? etr? t?hei‘r‘giszi agthzymes were purchased from Amersham-Buchler (Braunschweig,
Irec . y y — ) ’ I
position 674—209; OR?: 3 Iengtr? 288 bp, position 150-1252. ORFg 1and Olgl.—Germar.]y)' C.Ut and.unC.Ut samples were separa_ted for 25hatlViem
2 would have a GUG initiation codon, which has been shown to serve as a stdff the first dimension in 0'_4% agarose gels anns—borat(_a— .
codon in only one instance, in sunflower mitochondria (53). Limiting to AUG EDTA (TBE) electrophoresis buffer without ethidium bromide in
for the start codon, which is most common for plant mitochondria, only smallera large electrophoresis chamber (model HRH; IBI, New Haven,
_OR’_Fs are possiblg, with up to 1_53 bases, except for ORF3. T_he qrrowhea@T). The lanes were cut out (in the absence of UV Iight) and
:”d'(;ﬁtezttrg?] ('jof:t'l‘ijc';;’:);hezgs origisoand the arrow shows the direction of - g44ine hy ethidium bromide. Separation in the second dimension
eading P (28). was done in 1.5% agarose gels¥TBE with 0.3ug/ml ethidium
bromide at 5 V/cm for 4 h at 9@rientation to the first dimension.

molecules and signals retained in the wat).(This pattern was || electrophoresis steps were performed°at.4
very similar to that observed for several mt plasmids from fungi,

for which an RC mechanism of replication was propas@a(). Blotting and hybridization
During further EM studies we detecteghaped molecules of mp1l
and other subgenomic circle®7]. The structure of these After electrophoresis, the DNA was blotted by alkaline transfer
molecules suggested that they could indeed represent intermedié@egeta Probe GT membranes according to the instructions of the
of an RC type of replication. An RC type of replication was alssupplier (BioRad, Richmond, VA). The cloned plasmid mp1 (cut
indicated by the observation of ss copies of mp1. We have localizedt of the vector) was used as a probe for hybridization.
adsoaround position 730 of the mp1 sequence Hi(29). Radioactive labeling of the plasmid DNA was performed with the
The mechanism(s) and the biochemical basis of DNA replRediprime kit and 1.85 MB@E32P]dCTP, provided by DuPont
cation in plant mitochondria are not known, although som&ad Homburg, Germany). For identification of ssDNA forms of
enzyme components such asyttigpe DNA polymerase are well mpl, we prepared ss-specific RNA probes of the plasmid
characterized and a type | topoisomerase has been descriségigrated in vector pPGEM3zf(+) using the MAXIsciiiptvitro
(31-33). The aim of the present study was to further elucidate tfiganscription kit (Ambion Inc., Austin, TX). Filters were hybridized
nature of theo-like mp1l molecules. The understanding of theovernightin 6-8 ml 7% SDS, 250 mM NgOy, pH 7.2, at 65C
replication of this plasmid may help in understanding thé hybridization tubes from Schott (Mainz, Germany) and then
mechanism(s) of replication of chromosomal mtDNA in highewashed under stringent conditions according to standard protocols
plants. By a combination of 2DE and primer extension studies, w&5). Quantification of hybridization signals was done with a
confirmed that the previously observedtructures are indeed GS-363 phosphorimager (BioRad).
replication intermediates of an RC type of replication. We
determined the sequence of a replication origsg (and found  Primer extension assay and DNA cycle sequencing

that entirely ss molecules are represented by only one of tag, ;0 extension studies the sequence-specific primers 1
plasmid strands, the leading strand. Replication of mpl Sho‘@-GCCATCTﬂ AAACGAGCGACG-3), 2 (3-CCTTGTAAA-

features which are unique among RC replicons. CATCCCCCCGA-3 and 3 (5GGGAGCACAACCGAGTA-
GCG-3) were 5end-labeled using the Ready-To-Go T4
MATERIALS AND METHODS polynucleotide kinase kit (Pharmacia Biotech, Uppsala, Sweden)

and [-32P]ATP (0.37 MBq; DuPont). Asymmetric PCR reactions
with one of the primers were performed in aB0Ovolume
Mitochondria were isolated from suspension culture C.9.1. d@ficluding 0.2 mM dNTPs, 2 mM Mggin 1x PCR buffer in the
C.album Conditions of cultivation have been described previougpresence of 0.hg total mtDNA (harvested 1 or 6 days after
ly (34). Cells were usually harvested 6 days after transfer into nevansfer into new medium), Oug) open circular and-like mp1

Plant material and preparation of mtDNA
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Figure 2. Autoradiographs of 2DE gels of uncut plasmid mp1 f@atbum Hybridization was done witih vitro transcribed RNA which was specific for the leading
(a) and lagging strand) of mpl. The signals obtained are explair@adg¢ described by Brewer and Fangman (36—38). Arrows indicate the positions of ds plasmid
DNA such as circular covalently closed (ccc), open circular (oc) and linear forms, as well as ss mp1l copies and the expected rolling circles.

molecules (electroeluted from the respective zones of an agaregectures of plasmid mpl recently observed by EM2()
gel as depicted in Fig2c) or 0.5ug cloned mpl in vector represent replication or recombination intermediates.
pGEM3zf(+). Thermostable Goldstar DNA polymerase was In a first experiment, uncut mtDNA was separated in two
purchased from Eurogentec (Seraing, Belgium). Cycling wadimensions as described above, blotted by denaturing transfer and
done at 95C for 30 s, 58C for 30 s and 7L for 1 min for 40 then hybridized with a leading strand-specific radioactively
cycles. Extension products were resolved in denaturingbeled RNA probe obtained iyvitro transcription of mp1 (Fig.
polyacrylamide gels (4.5 and 6% polyacrylamide, 7 M ure&) in 12a). After exposure, the filter was stripped and reprobed with a
TBE buffer. As a size marker, &énd-labeled 10 bp ladder was lagging strand-specific RNA probe (Figh). The patterns of
used (Gibco BRL, MD). Additionally, a sequencing reaction wahybridization signals obtained were completely identical with
done by the method of 3-dNTP internal label cycle sequencimyobes for both strands, except a faint spot in the lower part of the
according to the instructions of the manufacturer (Amershangel. The signals are explained schematically @jpaccording
Buchler) using ¢-35S]dATP (1.85 MBq; DuPont) and primer 1. to Brewer and Fangmar3§-38). The strongest signals were
Template DNA was plasmid mpl, cloned in the vectoalways located at the position of the open circular, linear and
pGEM3zf(+). After electrophoresis the DNA in the gel was fixedupercoiled forms of the monomer as well as at a curve
by incubation in 5% acetic acid. The gels were dried on a glasspresenting linear molecules starting from 1.3 up to 10-12 kb,
plate and exposed to X-ray films (Amersham-Buchler). which should represent oligomeric plasmid forms. At the position
of linear multimers, signals appeared over a strong background.
RESULTS This smear stops exactly at the position of the monomer, i.e. there
was no breakage of the monomers during preparation. Open
Identification of ds oligomers and ss copies of plasmid mp1 ~ Circular forms up to a Smer could be observed. Moreover, we
detected a curve between the linear and circular molecules which
In the last few years 2DE of DNA molecules has been developedtended past the linear dimer. This signal most probably
into a powerful tool for the detection of replication intermediates an@presents plasmid molecules with a growing tail of up to 2-3
for determining the replication typ86-47). This technique takes contour lengths of the corresponding circle, since this arc looks
advantage of the fact that DNA molecules are separated accorduggy similar to that obtained from rolling circles on analysis of
to their molecular mass in the first dimension and that a non-linedtro (43,44) and in vivo (45) replication in other systems.
DNA molecule does not migrate at the same rate as a linear molectiteerefore, this curve could represent dhike mpl molecules
of equal mass in the second dimension, i.e. migration is additionatipserved by EM studieg7,28). The observation that an arc only
dependent on the structuBs{6). Replicative DNA forms can be originates from the open circular monomer spot suggests that
unequivocally distinguished from recombination intermediatesnonomeric forms are the predominant templates for plasmid
Therefore, it should be possible to determine whetheo-the  replication. Bubble-like structures as knownfeeplication were



Nucleic Acids Research, 1997, Vol. 25, No. 3 585

st dimension

a b C

! ’
‘  /
. . !'

Figure 3. Autoradiographs of 2DE gels of plasmid mp1 after digestionhuittlll (a), Pst (b) andBgll (c). The hybridization probe was cloned mp1 DN#.The
resulting hybridization signals of (a)—(c) according to Brewer and Fangman (36-38). Each arrow indicates the respective pattern of restricted plasmid replic:
intermediates, which are shown schematically.

not found. Such molecules would form an arc between the opshown). In the case of all other enzymes used,(Bgll, Cfrl,
circular forms of the monomer and dim@&g); Furthermore, inthe Fok, Kpnl, Mlul, Pst, Pvul, Scd andSma), this arc of simple
lower part of the 2DE gel a faint spot appeared which migrated ¥imolecules ended before reaching the dimer (shovsikeind

the second dimension faster than the supercoiled monomBgll digests in Fig3b and c). The patterns are not compatible with
Hybridization showed only signals with the leading strand-specifibhose obtained from intermediatesBefype replication, which
plasmid probe (Figea) and not for the lagging strand (R2p).  would migrate in a much higher positiodB6{38). We never
Position and hybridization behavior are in agreement with the dstected intermediates which could result from digestion of
nature of this moleculé.P-16). Hence, this spot represents the ssnolecules with replication bubbles (compare with the scheme in
circular form, more precisely the leading strand, of the mpkig. 3d). The observed arcs of simple Y structures are best
monomer. In addition to the ss monomer, a much weaker sigredplained byo-like intermediates of replication initiating at a
appeared on an imaginary line of ss molecules which shoubdsition near the cutting sites®&nH| andHindlIl, but distant
represent the ss circular dimer of mpl (data not showrfyom the sites of those enzymes which did not lead to patterns with
Quantitative analysis of the plasmid hybridization signals in Figueomplete arcs. In addition, we found weak signals at the position
2a revealed the following distribution: 48% linear molecules, 42%f so-called double Ys. The presence of such structures could be
circles, 6% o-like replication intermediates and 4% ssDNAattributed either to recombination intermediat&-§8,46,47),
molecules. In the total fraction of plasmid DNA, monomergo fragments with replication bubbles at both ends cut by the

comprised only43% of the sequences. enzyme $6-38), to circles with a tail exceeding the contour
length of the circle (designated as extended ‘E’ arcs by Han and
Analysis of cut replication intermediates by 2DE Stachow;42) which were not cut (e.g. because of stretches of

) ) ) .. ssDNA at the cutting site or entirely ss tails respectively) and to
In further experiments mtDNA was digested with restrictiorsjrcles with two tails, as detected in EM analyss8. (Circles
endonucleases that linearize the circular plasmid mpl. TR&th two tails could be generated, for example, by a second
digested DNA samples were separated in 2DE gels, transferreg@ation of replication at the origin before completion of the first

Nylon membranes and hybridized with the plasmid mp1 DNA agund of replication or by the simultanous initiation of replication
a probe (Fig3a—c). The patterns of hybridization signals revealegt more than one origir®).

different types of DNA molecules, including replicative forms.

The interpretation of these patterns according to Brewer a : ) ot -
Fangman36-38) is depicted in Figurdd. A very strong signal rﬂﬁ’appmg of a double-stranded replication origin ¢s9
was observed at the position of linearized monomers. A mudfthe existence of ss mpl copies (see above) of only one of the
weaker but clearly visible spot occurred at the position dDNA double strands is not compatible withtsipe of replication.
linearized dimers. Other linear molecules were expected 8uch intermediates should occur, however, during RC repli-
migrate on a straight line between these two spots. All hybridizaation, where the introduction of a site-specific nick in only one
tion signals above the line of linear molecules represent formssifand of the supercoiled template DNA characterizes the initial
mpl other than linear molecules. A continuous arc of growingvent of replicationl(2-16). We identified such an origin of RC
Y-shaped replication intermediates expanding from the lineaeplication of mpl by mapping short ds fragments produced by
monomer to dimer was observed. A complete arc was seen onlgaving the tails ofo-like replication intermediates with
with DNAs digested byindlll (Fig. 3a) andBanH|I (data not restriction endonuclease®8]. This is not a very precise
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Figure 4. Fine mapping of the replication origisoof plasmid mpl1 by primer extension assay. The position and direction of three primers in the map are depictec
at the top. The resulting products were resolved in sequencing gels. Lanes G, A, T and C represent the sequence ladder of mp1 using primer 3. The blank re
without DNA is shown in lanes d. The template for asymmetric PCR reactions was mtDNA from suspension cultur€datialimbérvested 1 (lanes a) or 6 days
(lanes b) after transfer into new medium. As a control, we used cloned mp1 partially digedBeariittprimers 1 and 3, lanes c) 8ma (primer 2, lane c). The
products were separated in a 4.5 (for reactions with primer 1 and 2) or 6% (for primer 3 reactions) polyacrylamide gel respectively.

approach, but showed that the origin is located around positi@NA, as shown foBanHI (primers 1 and 3, lanes c) aSchd
730 of the physical map of mp1 (cf. Fig. (primer 2, lane c). Extension of primer 1 indicated the origin of
To verify the existence of this nicking site, to localize itRC replication: using the leading strand-specific primer 1 and
precisely and to determine its sequence, primer extension studiesut plasmid DNA from mitochondria, we identified a strong
were done. For this purpose, we designed sequence-spedifand of [250 nt (lanes a and b). mpl cloned in vector
primers for both strands of the plasmid and performed asymm@isEM3zf(+) and transformed iB.coli served as a negative
ric PCR assays. The position of a nick in one strand as well asaointrol, since this plasmid is not replicated via the RC mode in
breakage and cleavage products can be determined by denatubagterial cells. The band at a size of 250 nt was absent in lane c,
polyacrylamide gels combined with a DNA sequencing reactioss expected. When using primer 2, which is specific for the
(48-50). By using this method the origin of mp1 replication wasagging strand and mtDNA, we could not detect products of the
mapped and sequenced (F4. The position of a site-and corresponding size of 212 nt (arrow, lanes a and b). These results
strand-specific nick could only be identified when primerdemonstrate that the extension product obtained with primer 1
extensions were carried out for multiple cycted),(reflecting the  was specific for the leading strand, i.e. termination was caused by
scarcity of replication intermediates of mpl in mtDNA. Thethe nicking site expected to serve as an origin of RC replication
effectivhess and precision of the applied method was controlli¢dso) To localize the exact position of tkhleq we designed
by the identification of cleavage products of recombinant plasmijatimer 3 situated closer to the nicking site and compared the size



Nucleic Acids Research, 1997, Vol. 25, No. 3 587

replication of
—= leniling-strand
=4 lagging-strand

'11.

b &/*

SeEe)

8 mono- and oligomers ds monomers ds mono- and cligomers

s wa Caved ! ."-t l-’.-

HOR S (e ,d g
a -~ Tl X LA ’ . £y R i

. '{\: g ke '('\'1‘ " "‘hr.w e A
i N - AT . wi‘l\: ey
2% > <A ,4ds TSI T

gl T S5 -5 "." ek ;- IR ety v ‘.
[ PR 2 .
(I“) . i " x : : "'n..,* ¥ “-.
r . \\_H._.."\“ ; ‘.} \
Ll : . .' = v l‘ﬂ“' ‘ 3 “*-3' L y
. D e v k
i . = ! .
A Y A PR e

Figure 5. Scheme of plasmid mp1 replication via an RC mechanism. This model, including asymmetric (pathway a) and symmetric (pathway b) replication, v
proposed on the basis of results from 2DE, hybridization studies and primer extension assays and is supported by the detection of replication intermediates t
(27,28). () A circle with a short ss tail (see arrows)) This circle has a tail greater than the unit length containing both ds and ss rg)oRsis(circle has a tail

much longer than its circumference. Bar represents 0.5 kb.

of its extension products with a ladder obtained from thentDNAs isolated at different times of growth (Fglanes a and
sequencing reaction of recombinant plasmid DNA using the sarhg Additional specific products could be amplified from the
primer. The resolution of these products at the nucleotide levaglasmid DNA with both primers 1 and 2 (Fi.lanes ¢) which
showed several bands corresponding to positions 733—738 of thap according to their size to regions different fromdbe
plasmid (position 1 is thillul site in Fig.1). Strongest signals These products indicate termination sitesirofvitro DNA

were obtained at positions 734 and 735. Identical results wesgnthesis which may be caused by short inverted repeats found
obtained when we utilized open circular forms of mpd-tke  near thedsa Such sequences would allow the formation of
molecules (isolated from the respective regions of agarose gedscondary structures by intramolecular base pairing. Putative
cf. Fig. 2c) as templates instead of total mtDNA. Minimal stem—loop structures with a low free energy are located in the
variability of signal intensities was seen between templairegion between 937 and 913 (-21.2,-14.0 and —12.0 kcal/mol) as
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well as at positions 875-823 (-18.6 kcal/mol) and 908-88described circular plasmids in plant mitochondria, mp1 does not
(—3.8 kcal/mol). The stem—loop structures may funatieivoas  bear genetic information necessary for the function of the
a recognition motif during the initiation of RC replication. organelle $2). The sequence of mpl contains small putative
ORFs (Fig.1). Database alignments exhibited insignificant
DISCUSSION sequence homology of ORF2 to DNA and RNA polymerase
genes. However, this ORF would not be large enough to encode

We have presented here several lines of evidence for replicatrComMPlete polymerase. No homolog of a gene encoding a
of the mitochondrial plasmid mp1 according to a rolling circléOmPlete replication protein, including the nicking/closing
mechanism. This includes detection of urmshaped and cut €NZyme on plasmid mp1, was found. Even shorter conserved
Y-shaped replication intermediates by 2DE, observation of ggo_tlfs, including tyrosine or serine residues, which are part of the
copies of only one strand of the plasmid and identification of &ctive center of the latter proteins, could not be detected. These
nicking site in the leading strand, a characteristic feature of R@CtS do not rule out the possibility that such a replication protein
replication. The observation of a strand-specific nicking site arld €ncoded in the nucleus or in chromosomal MtDNA.
of circular ss forms of the same mp1 strand support the idea of thélll) DNA sequences proximal to titso of mpl (TAAGGG)
activity of a nicking/closing enzymé-19) in the mitochondria SNOW no homology to consensus motifs of bactisial. A cluster
of C.album The localization of thésoon mp1 around nucleotide ©f G residues (GGG) at the nicking site was not found in any RC
735 by primer extension is in good agreement with rece@fgin of bacterial pla§m|§js or_phage_s. An AT-rich sequence of 5-8
mapping of the origin around position 730 by a less precidd Upstream of the nicking site, which is common to many RC
approach8) and is also compatible with the 2DE data. Wher$yStems12-16), is absent in the case of mp1. In comparison with
mtDNA was cut by restriction endonucleases which linearizegecterial RC plasmids, which have a relatively low GC content
mpl and separated electrophoretically by 2DE, we could detdéf): mp1 containA7.5% GC. Moreover, unlike the situation in
continous arcs of hybridization signals only ®anHl and  bacteria, the nicking site of mpl is not represented by a single
Hindlll. These cutting sites are clustered together arourfficleotide. Our data from primer extension experiments demon-
positions 750-800, i.e. not far from tem In the case of all other Strated that there is a nicking regioribfnt. The most prominent
enzymes the arcs stopped before reaching the dimer, indicat®gension product occurs at position 734, which indicates the most
the absence of an origin close to these endonuclease recognigfmon nicking site to be TAAG/GG (behind position 735).
sites. The circular DNA of mp1 is the first RC plasmid detecteBegradation of DNA nicked at only one position would be an
in a higher plant. A model of the replication cycle of mp1 base@fternatlve explanathn for the ob_sgrved multiple bands. However,
on the data outlined here and in recent reppit&g) is depicted ~ since the cleava_ge sites of restriction endonucleases were exactly
in Figure 5. This plasmid shows some unique features ifletermined by single bands (cf. Figlanes c), degradation seems
comparison with bacterial RC plasmids. not to occur under the applied conditions. In previous mapping
() The replication of RC plasmids has been studied Ve.?tudies we obtained data suggesting the existence of an additional,
extensively in bacterial 2-16). These replicons replicate in a [ess often used origin on mp1 located between positions 510 and
similar manner to a mechanism described for ssDNA phages e €6). Interestingly, thelsosequence TAAGGG is also found
accumulate ss plasmid copies during this process. In an ea#fyosition 540. During the present study the introduction of nicks
study onBacillus subtilisand Staphylococcus auretis was ~ at this position could not be observed, which is likely due to its rare
shown that the ss plasmid DNA exists as a circular molecule g$age. In addition, we have found no evidence for termination of
the same size as the parental monomer and corresponds to ¢fgmid mpl replication at a secomiso with subsequent
one of the two DNA strandS ). It representef20% of the total ~ re-initiation, which would result in greater size diversity of ss and
hybridization signal. Thén vivo occurence of one of the two ds plasmid copies.
possible ssDNA circles of mpl in mtDNA preparations from (iv) Many of theo-like mtDNA molecules ofC.albumwere
C.albumis a strong indication for RC replication, the only knowrfound to have tails several times longer than the circumference of
process producing ss copies of ds molecules. In the casethg corresponding circle, suggesting the synthesis of concatemer-
asymmetric RC replication, ss copies of only one of the DNAC replication products2(/,28), as known from classical phaye
strands are to be expected. This is by definition the leading straigglication £0). The products of replication of several classes of
of replication (2-16). The percentage of single-stranded plasRC plasmids from Gram-positive and Gram-negative bacteria are
mid mp1 copiesf4% of the hybridization signal) is lower than monomers [2-16), whereas long linear concatemers are pro-
normally observed for the bacterial RC plasmids described abowiced during recombination-dependent RC replicafi@n2().
Notable exceptions, for example, are plasmid pUB3Xufeuys  In contrast to the situation with mp1, where replication is initiated
and pBC16 Bacillus cereus which generated amounts of at one or two distinct origins, recombination-dependent repli-
ssDNA in the same range as mp1)( cation in bacteria is mostly not initiated at specific origins
(i) The organization of bacterial RC plasmids is highly(reviewed in22,24). In the case of mpl, monomers represented
conserved {2-16). The dso region is placed immediately [50% of the total plasmid DNA. mpl also exists in linear and
upstream of a gene which encodes a nicking/closing enzymicular oligomeric forms which may be products of recombina-
involved in the initiation and termination of leading strandion events and/or represent concatemeric products of RC
synthesis. This replication initiator protein binds to and introreplication (Fig5, pathway b).
duces a strand- and site-specific nick in the leading strand ofin conclusion, our data revealed new features of an RC plasmid.
supercoiled DNA, providing a free 3-OH end for elongation. Th&his is the first report of an organellar plasmid in plants
function of this protein can be substituted, however, by nucleasesplicating via an RC mechanism. Its high copy number could
which create random nicks in both plasmid strands, leading teake mpl an interesting and promising model system for further
recombination-dependent replicaticti{24). Like most of the studies of the replication and structural organization of chromoso-



mal mtDNA in higher plants, becauselike molecules and 18
entirely ss circles were also found for the chromosomal mtDN,lA9
in C.album (28). This study may also provide clues for the;
explanation of a common phenomenon of plant mitochondria, the
occurence of a heterogenous population of linear molecules

(26,27), which could also arise by a rolling circle mechanism o#3
replication in these organelles. gg
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