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Abstract

We demonstrate, using transmission electron microscopy and immunopurification with an
antibody specific for RNA/DNA hybrid, that intact mtDNA replication intermediates (mtRIs) are
essentially duplex throughout their length, but contain extensive RNA tracts on one strand.
However, the extent of preservation of RNA in such molecules is highly dependent on the
preparative method used. These findings strongly support the strand-coupled model of mtDNA
replication involving RNA incorporation throughout the lagging strand (RITOLS).

INTRODUCTION

Mammalian mitochondrial DNA (mtDNA) is a covalently closed circular molecule of
approximately 16.5 kb. The mechanism by which it replicates is a subject of intense debate.
For almost thirty years mtDNA was believed to replicate via a strand-displacement
mechanism first proposed in 1972 (1). Its key feature is continuous synthesis of both strands
from physically and temporally distinct initiation sites, accompanied by the formation of
long tracts of single-stranded DNA. Based on transmission electron microscopy (TEM) and
5" end mapping (1,2), leading (heavy, H) strand DNA synthesis was inferred to initiate at
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several tightly clustered sites in the major non-coding region (NCR), designated Oy.
Initiation of second (light, L) strand synthesis was proposed to take place after the leading
strand traversed approximately two-thirds of the genome, at a short intergenic spacer
designated as the light-strand origin, O .

Recently, we have presented evidence supporting alternative models, based on analyses of
mitochondrial replication intermediates (mtRIs) separated by neutral two-dimensional
agarose gel electrophoresis (2D-AGE). mtRIs derived from different mammalian cell-types
were found to have the properties of products of conventional, strand-coupled DNA
synthesis (3). Although partially single-stranded (ss) mtRIs were seen in crude preparations
of mtDNA (3), mtRIs from sucrose density gradient-purified mitochondria were essentially
duplex (4). However, a proportion of mtRlIs differed from conventional replication
intermediates in that they contained extensive RNA tracts (5), which were later shown to
encompass the entire lagging strand (6). These RITOLS intermediates (standing for RNA
incorporation throughout the lagging strand) were proposed to be replaced by DNA via a
maturation step (6).

In subsequent work, atomic force microscopy (AFM) was used to visualize CsCl-banded
mtDNA coated with E. coli single-stranded binding protein (SSB) (7), DNA molecules with
extended single-stranded regions, as predicted by the strand-displacement model (SDM),
were observed at high frequency and it was suggested that at least 99.5% of all mtRlIs arise
from SDM. Conversely, it was suggested that the failure to detect these intermediates by
2D-AGE resulted from strand separation (branch migration) during electrophoresis, or some
other artifact (7).

In the present work we set out to understand how the data from these different approaches
yield such disparate results. We first used TEM to analyze mtRIs prepared by the same
methods as for 2D-AGE, comparing samples before and after treatment with RNase H, an
enzyme that specifically degrades the RNA strand of RNA/DNA hybrid. Secondly, we
employed a monoclonal antibody highly specific for RNA/DNA hybrid to probe the
composition of mtRIs. Both methods generated findings fully consistent with the RITOLS
model. Analysis of model substrates by 2D-AGE confirmed that RITOLS intermediates
migrate distinctly from single-stranded D-loop or R-loop forms. Next we demonstrated that
various preparative methods, including CsCl banding and SSB treatment, lead to systematic
loss of RNA from molecules containing RNA/DNA hybrid. Finally, we confirmed that
partially single-stranded molecules, created deliberately by RNase H treatment of otherwise
intact mtRIs, do not undergo strand separation during 2D-AGE. Our findings thus support
the RITOLS model.

Electron microscopy of intact mtRls is consistent with strand-coupled replication
involving RNA incorporation on the lagging strand

To test whether the preparations of mtRIs which we studied earlier by 2D-AGE were fully
double-stranded, we carried out TEM on mtDNA extracted from sucrose gradient-purified
mitochondria from both human HEK293 cells and mouse liver. Of 1005 mtDNA molecules
from HEK?293 cells analyzed, 52 were 6 replication intermediates, most of them intact and
fully duplex (Fig. 1A, 1B, 1E, Table 1, Suppl. Fig. 1A-E), with replication bubbles of
lengths varying up to almost 100% of the genome. In some cases broken, but fully duplex, 6
molecules were seen (e.g. Suppl. Fig. 1F). In a minority of molecules, short “collapsed’
segments, considered the signature of single-strandedness (9), were seen near one fork,
although only one analyzed mtRI1 appeared to have a long collapsed segment as one branch
of a replication bubble (Suppl. Fig. 1G). Similar analysis of mouse liver mtDNA revealed a
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much lower frequency of mtRIs (3 out of 600 molecules). Although broken, these again
corresponded to fully duplex 6 forms (Fig. 1C, Suppl. Fig. 1H). In contrast, prior treatment
with RNase H generated extensive collapsed segments on the majority of 6 molecules. The
tendency of these segments to become tangled prevented definitive interpretation, although
forms tentatively interpreted as gapped circles and 6 molecules partially single-stranded on
one branch were present. Extensive single-stranded regions were clearly seen in RNase H
treated material spread using formamide (Fig. 1E, Suppl. Fig. 11, 1J), a method which
resolves single and double-stranded DNASs.

Immunopurification of mtRIs using a monoclonal antibody against RNA/DNA hybrid
confirms that they contain extensive RNA tracts

Mitochondrial replication intermediates are grossly modified by RNase H treatment,
implying they contain lengthy tracts of RNA/DNA hybrid (5,6). To test, by a different
approach than the use of RNase H, that mtRIs contain regions of RNA/DNA hybrid, we
made use of a monoclonal antibody raised against this class of polynucleotide (10). After
confirming its specificity using model substrates (Suppl. Fig. 2), we treated a Bcll digest of
mouse liver mtDNA with the antibody prior to 2D-AGE, then probed for the 4.1 kb Oy-
containing fragment (Fig. 2A). Antibody treatment modified the mobility of the same
molecular species that were sensitive to RNase H, indicating the presence of RNA/DNA
hybrid. Next we used the antibody to immunopurify mtRIs containing RNA/DNA hybrid
from a similar digest (Fig. 2B), and analyzed the bound and unbound material by 2D-AGE.
The same molecular species were highly enriched in the bound fraction. Treatment with
RNase H prior to immunopurification (Fig. 2C) confirmed that the unbound material (panel
i, ii), was essentially RNase H-resistant, whereas the bound fraction was eliminated by
RNase H (panels iii, iv).

Recovery of intact RITOLS intermediates is affected by preparative method

We previously observed that the recovery of intact RITOLS intermediates was dependent on
the method used to prepare mitochondria. Whereas mtRIs from sucrose density-gradient
purified mitochondria contained extensive lagging-strand RNA, this was degraded in
material prepared from crude mitochondria (5). We therefore set out to test whether other
commonly used preparative methods influenced the extent of recovery of mtRIs containing
tracts of RNA/DNA hybrid.

Cesium chloride (CsCl) gradients have been used widely to purify DNA, notably for
imaging of mtRIs (1,7,11). We therefore compared 2D-AGE profiles of mtDNA purified by
CsCl banding with total nucleic acid extracted from sucrose gradient-purified mitochondria.
Two bubble arcs were associated with CsCl-purified mtDNA samples from mouse and rat
liver (Fig. 3A-ii, 3B-ii), whereas only one was seen in material from sucrose gradient-
purified mitochondria (Fig. 3A-i, 3B-i). However, RNase H treatment of the latter generated
the same two bubble arcs as seen after CsCl gradient purification (Fig. 3A-iii, 3B-iii). Thus,
whilst CsCl banding is effective at purifying mtDNA, it entails loss of RNA/DNA hybrids
associated with replicating molecules. Careful inspection of previously published 2D-AGE
analysis of CsCl-banded mtDNA (Suppl. Fig. 3) also reveals evidence for loss of RNA from
mtRIs.

To investigate whether the integrity of mtRIs could be affected by incubation with SSB, as
commonly used in AFM studies, we tested the effects of SSB from each of two suppliers on
a model RNA/DNA hybrid substrate. Surprisingly, the synthetic hybrid was found to be
disrupted and the labeled oligoribonucleotide strand degraded to a similar extent as by E.
coli RNase H (Fig. 3C). The unhybridized oligoribonucleotide was not cleaved by
incubation with SSB under identical conditions. We infer that treatment with commercially
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available preparations of SSB efficiently eliminates RNA tracts from molecules containing
RNA/DNA hybrid.

Model Substrates

In order to clarify the mobility of various species resolved by 2D-AGE, synthetic D-loops
were generated by extending an annealed primer with Klenow DNA polymerase (Suppl Fig.
4). As predicted, the synthetic D-loops formed an arc that resolved below the standard
bubble arc traversed by replicating mtDNA molecules (Suppl Fig. 4C-iv). Moreover, the
synthetic D-loops had a similar mobility on 2D gels to the species previously assigned as
partially single-stranded molecules, which appear in mtDNA from crude mitochondrial
preparations or in sucrose gradient-purified samples after RNase H treatment, and which
therefore lack an RNA lagging strand (Suppl Fig. 4D). R-loops generated by T7 RNA
polymerase, likewise produced an arc resolving below the bubble arc of a similar sized
mtDNA fragment (Suppl Fig. 5C). Their identity as R-loops is confirmed by their sensitivity
to RNase H and the fact that their mobility was retarded by the S9.6 antibody that binds to
RNA/DNA hybrid (Suppl Fig. 5D and 5E, respectively). Thus, the 2D gel arcs formed by
intact mtDNA replication intermediates are not explicable as the products of an expanding
D-loop (strand-displacement) mechanism, nor as R-loops formed by transcription, but
instead are bona fide duplex.

mtRIs artificially rendered as partially single-stranded show minimal strand separation on

2D-AGE

Since RITOLS intermediates can be lost during DNA extraction due to a variety of
treatments, we next considered the possibility that bona fide mtRIs predicted by the strand-
displacement model (SDM) might themselves be lost systematically during 2D-AGE, as a
result of strand separation (branch migration) (Suppl. Fig. 6A, C). To address this issue, we
first verified that single-stranded products of strand separation could readily be distinguished
from dsDNA on 2D gels, using heat denaturation of DNA marker ladders (Fig. 5A). Next,
we deliberately created partially single-stranded forms by RNase H treatment of material
extracted from sucrose density-gradient purified mitochondria (as illustrated in Suppl. Fig.
6B) and subjected them to analysis by 2D-AGE after restriction digestion (Fig. 5B). No arc
of ssDNA was detected in untreated material (Fig. 5B-i), and it was only faintly visible after
samples were treated with RNase H (Fig. 5B-ii), which modified the slow-moving Y-like
arc (MSMY) as expected. Given that sporadic ribonucleotides are present in both template
strands of mammalian mtDNA (12), the exposed single-stranded regions of the mSMY
species should be cleaved by single strand-specific ribonucleases, as illustrated in Fig. 5B-
iii. As predicted, co-incubation of sucrose-gradient purified mtDNA with RNase H and
RNase One™ obliterated the SMY arc and increased the intensity of the sSDNA arc (Fig.
5B-iv). Thus, even where an ssDNA arc is detected in mammalian mtDNA samples (e.g.
from crude mitochondria, Fig. 5C-i) it can arise by RNA degradation rather than branch
migration. Treatment of mtRIs from crude mitochondria with a single strand-specific
nuclease (S1) destroyed the ssSDNA and mSMY arcs (Fig. 5C-ii).

To extend the analysis to the entire mitochondrial genome, mouse mtDNA was digested
with Blpl, which cuts just once, at nucleotide (nt) 511. No arc of ssSDNA was seen (Fig. 6B-
i), such as would be predicted to arise by branch-migration of partially single-stranded
mtRIs (Fig. 6A and 6B-i). Once again, a faint sSDNA arc appeared only after RNase H
treatment (Fig. 6B-iii), which was, as expected, abolished by S1 nuclease treatment (Fig.
6B-iv). Modifying the 2D-AGE conditions to resolve Blpl products larger than 16 kb
revealed a prominent duplex bubble arc (Fig. 6C-i) spanning almost the entire genome,
which was again modified by RNase H (Fig. 6C-ii) to generate a subsidiary bubble arc that
was sensitive to S1 nuclease (Fig. 6C-iii). In conclusion, partially single-stranded mtRIs
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appear to be stable under standard conditions of 2D-AGE. Their absence from gel images in
which fully duplex forms are easily detected is thus meaningful.

Gapped circular mtDNASs result from RNA loss

The RITOLS mechanism predicts delayed second-strand DNA synthesis (6), but daughter
molecules where second-strand DNA synthesis is incomplete will contain RNA tracts on
one strand. The extent of the RNA will depend on the sites and timing of maturation (6);
typically the last section of the lagging-strand to be matured will be the five kilobases
between O and Oy, in the so-called minor arc. Restriction enzymes that do not cut RNA/
DNA hybrid and have sites exclusively in the minor arc should thus give rise to uncut, but
fully duplex circular monomers, which RNase H should then process into gapped circles by
elimination of lagging-strand RNA in the unmatured region between O and On. In
agreement with these predictions, Blpl digestion of sucrose-gradient purified mouse liver
mtDNA yielded a population of circular molecules (Fig. 6C-i), indicative of a failure to
cleave at nt 511. RNase H treatment increased their mobility, yielding an arc of gapped
circles (Fig. 6C-ii) that were sensitive to S1 nuclease (Fig. 6C-iii).

DISCUSSION

In this study we designed experiments to gain more insight into the mechanisms of
replication of mtDNA. Hitherto, the RITOLS model has been based upon the use of a single
technique, 2D-AGE (5,6). Here we have used new tools and methods that provide strong
support for the RITOLS model. Analysis of mtDNA molecules by TEM revealed fully
duplex (6) forms (Fig. 1,Suppl Fig. 1,Table 1), as predicted for strand-coupled replication.
Moreover, the RITOLS model posits that the lagging-strand initially comprises RNA and
therefore RNase H should modify these 6 structures, which proved to be the case (Fig.
1,Suppl Fig. 1). That many of the mtRIs are not only fully duplex, but contain extensive
regions of RNA/DNA hybrid (6) was confirmed by immunopurification with a monoclonal
antibody against RNA/DNA hybrid.

Preparations of mtDNA from gradient-purified mitochondria contain only fully duplex
mtRIs. These are distinguishable from partially single-stranded (D-loop or R-loop) forms on
2D gels, based on experiments with model substrates (Suppl. Fig. 4, Fig. 5). The absence of
partially single-stranded intermediates is not due to their systematic loss by strand separation
during 2D-AGE, since the ssSDNA products thereof were not detected, even when partially
single-stranded forms were created deliberately by RNase H treatment of otherwise intact
material (Fig. 5, Fig. 6). The only exception would appear to be 7S DNA of the
mitochondrial D-loop (5). However, this may be released in vivo by a natural strand-
displacement mechanism.

CsCl banding and SSB treatment compromize the recovery of intact mtRIs

Although intact mtRls are fully duplex, partially single-stranded forms can arise during
sample preparation by a variety of treatments, including CsCI banding and SSB treatment, as
well as the use of crude mitochondria. Direct addition of CsCl to mitochondrial lysates does
not reveal a measurable RNase H activity (7). Moreover, RNA/DNA hybrids are stable to
banding in Cs,S0, for extended times, at least when the RNA is very long (15).
Nevertheless, CsCl banding in the presence of ethidium bromide results in loss of RNA
segments from mtRIs (Fig. 3,Suppl. Fig. 3). Previous studies of mtRIs using electron
microscopy support this conclusion. After CsCI banding virtually all replicating molecules
had extensive single-stranded regions (1-7), whereas material analysed without CsCl
purification (16,17), as in our own study (Fig. 1, Suppl. Fig. 1, Table 1), contained mainly or
exclusively duplex forms.
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Two commercially available preparations of SSB were found to have RNase H-like activity
(Fig. 4). Decoration of mtRIs with SSB prior to AFM should thus systematically replace
hybridized RNA with SSB, especially in light of the cooperative binding properties of SSB.
It is therefore not possible to use this method to distinguish between different mtDNA
replication models.

Independent evidence for RNA/DNA hybrid tracts in mtRIs supports the RITOLS model

The use of commercial preparations of RNase H to probe the structure of mtRls is open to
the criticism that the enzyme may have been contaminated with other, unknown activities, as
was the case with SSB. To meet this criticism, we employed a completely different tool to
probe for hybridized RNA tracts in mtRIs, namely a monoclonal antibody specific for RNA/
DNA hybrid (10), which has no effect on ssDNA. Two specific classes of mtRI were bound
by this antibody, namely the bubble arc and the so-called ‘slow-moving Y-like arcs’ (Fig. 2).
The former represents molecules in which replication has initiated near to Oy and is
proceeding unidirectionally towards the other end of the fragment. They correspond with an
early step in the replication process. The finding that they are systematically bound by the
antibody is consistent with the idea that the provisional, RNA lagging strand is laid down
immediately as the replication fork advances. The slow-moving Y-like arcs represent mtRIs
in which the growing replication bubble has progressed beyond the Bcll site at nt 12,028, but
in which the restriction site at this position (as well as others further downstream) is not cut
due to the presence of RNA/DNA hybrid. These molecular species are avidly bound by the
antibody (Fig. 2), implying that the replacement of the RNA lagging-strand by DNA
frequently commences only after the replication fork has traversed a large fraction of the
genome. In contrast, the standard Y-arc, representing molecules in which the restriction site
atnt 12,028 is cleaved, was not purified by the antibody against RNA/DNA hybrid,
consistent with it being composed essentially of pure dsDNA as proposed previously (6).

Mitochondrial RNase H activity

The loss of RNA segments from mtRIs during extraction from crude mitochondria implies
that an RNase H-like activity is present. However, this RNA loss can be minimized by prior
sucrose density-gradient purification of the mitochondria (5), indicating that it is mainly due
to an extramitochondrial contaminant. Cerritelli et al. (18) reported that RNase H1 localizes
to both nucleus and mitochondria and that knockout of the gene in the mouse leads to
developmental arrest at embryonic day E8.5, with concomitant failure to replicate mtDNA
(18). Furthermore, some RNase H activity can be detected in lysates from purified
mitochondria (19), where it may be required for the processing or maturation of RITOLS
intermediates. Nevertheless, since we are able to isolate intact RITOLS intermediates from
gradient-purified mitochondria, we propose that intramitochondrial RNase H must be
carefully regulated or compartmentalized in vivo, rather than being constitutively active.

RITOLS and transcription

One suggestion that has been made to account for the presence of mtDNA molecules
containing segments of RNA/DNA hybrid is that these may be transcription rather than
replication complexes (14). However, simple transcription complexes typically have only a
short R-loop near to the site of transcription (21,22), and other transcriptionally (or co-
transcriptionally) induced R-loops give rise to a displaced single-strand of DNA (23).
Recently, R-loops associated with mouse L cell mtDNA have been described and it was
suggested that they might confound 2D-AGE analysis of mtRIs (24). However, as we
demonstrate using model substrates (Suppl. Fig. 5), such R-loops migrate differently on 2D
gels than the duplex bubble arcs formed by mtRIs. For transcription to account for a duplex
bubble arc, the transcriptional template would need to be a partially single-stranded
replication intermediate that was continuously rendered duplex by new transcription as the
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replication fork advances. This corresponds exactly with the RITOLS model of mtDNA
replication. Transcripts that remain associated with mtDNA following transcription and
RNA processing could provide the raw material for creation of the provisional RNA
lagging-strand of RITOLS intermediates. Further processing thereof could create short RNA
primers for synthesis of the definitive lagging-strand, as is the case for ColE1 plasmid
replication in E. coli (25) and synthesis of the second strand of retroviral DNA (26).

Open issues: one mechanism or two?

The physiological fate of RITOLS intermediates and their relationship to lagging-strand
priming remain to be determined, as does the precise mechanism by which the provisional
lagging-strand RNA is laid down as the replication fork advances. An additional question
concerns the provenance and fate of those mtRIs composed entirely of dsDNA, i.e. which
are refractory to digestion with RNase H, are not immunopurified by the antibody to RNA/
DNA hybrid, and are associated with bidirectional initiation in a broad zone downstream of
On (27-28).

We have identified several contexts in which the RNA-containing mtRIs become depleted,
whilst those comprising dsDNA are correspondingly increased, including recovery from
drug-induced mtDNA depletion (29), over-expression of TFAM (30) and expression of
dominant-negative variants of the mitochondrial DNA helicase Twinkle (31). Arrest or
slowing of leading-strand fork progression may be a common theme, suggesting that the
abundance of mtRIs composed only of dsDNA is simply determined by the balance between
the rates of leading-strand fork advance and lagging-strand maturation. In turn, this implies
that they are primarily or exclusively, maturation products of RITOLS intermediates. On the
other hand, the existence, in unperturbed cells, of two radically different classes of mtRIs
(those with long tracts of RNA/DNA hybrid versus those with no appreciable RNA)
suggests that they arise by distinct mechanisms; especially as the initiation sites of mtRIs
comprising pure DNA have different map positions to those associated with RITOLS
replication (6,27,28). Therefore, we suggest that conventional leading and lagging-strand
DNA synthesis occurs in parallel with RITOLS replication in mammalian mitochondria.

MATERIALS AND METHODS
Mitochondrial DNA preparation

The isolation of mitochondria by sucrose density-gradient purification and of mtDNA from
HEK?293 cells was as described previously (31). Mitochondria and mtDNA of mouse, rat
and chick liver were isolated by differential centrifugation and sucrose step-gradient
centrifugation, followed by proteinase K digestion and phenol-chloroform extraction, as
previously (5,6,25). Crude mouse mtDNA was isolated similarly, but without the sucrose
gradient step (5). Further purification of mtDNA on CsCI-EtBr gradients was as described
previously (7,11). Fractions were collected and dialyzed twice against one | volume of STE
buffer in Slide-a-lyzer 7K cassettes (Pierce).

Purification of S9.6 monoclonal antibody

Crude supernatant from hybridoma cells expressing the S9.6 hybrid antibody (10) was
purified using a recombinant protein A/G spin column (Pierce) to a final concentration of
0.5 mg/ml.

Immunopurification of RNA/DNA Hybrid

100 pl of Protein G magnetic beads (Invitrogen), washed three times with 0.1 M sodium
citrate pH 5.0, were re-suspended in 50 pl of 0.5 mg/ml antibody solution and incubated at 4
°C with gentle rolling for 1 h. The beads were washed three times with wash buffer (10 mM
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HEPES-NaOH, 100 mM NaCl, 10 mM EDTA, pH 7.2), and 30 pl of mtDNA solution was
added, containing between 15 and 30 pg Bcll-digested total nucleic acid resuspended in 10
mM HEPES-NaOH, pH 7.2. Following overnight incubation at 4 °C with gentle rolling, the
supernatant was saved and combined with the first 200 pl wash as the unbound fraction.
Beads were washed 3 times more with 500 pl wash buffer followed by two elutions in 200
pl wash buffer plus 0.6% SDS. The elutions were combined and, in parallel with the
unbound material, treated with proteinase K (1.92 mg/ml) for 3 h at 37 °C, followed by
phenol-chloroform extraction and isopropanol precipitation.

DNA modification, 2D-AGE and hybridization

Mitochondrial DNA modification, separation and hybridization were performed as described
previously (5,6,25). Restriction enzyme (New England Biolabs) and nuclease treatments
(Promega) were performed on 3 g aliquots of purified mitochondrial nucleic acid, under
conditions recommended by the manufacturer. Unless otherwise stated, RNase H treatment
was 1 U for 30 min at 37 °C, RNase One™ treatment was 1 U for 5 min at 37 °C, and S1
nuclease treatment was 1 U for 1 min at 37 °C. For EMSA with the S9.6 monoclonal
antibody, restriction digests were phenol-chloroform extracted, ethanol precipitated and re-
suspended in 30 pl 10 mM HEPES-NaOH, pH 7.2. Before loading the first dimension gel,
2.5 ug antibody was added to the samples and left at room temperature for 15 min. Neutral
2D-AGE was performed by the standard method (32) for fragments of 3-5 kb and by a
modified procedure (33) for fragments larger than 5 kb. Southern blots of 2D gels were
hybridized to radiolabeled probes (Ready-To-Go DNA labeling beads, GE Healthcare) for
specific regions of vertebrate mtDNA (see below) as previously (6). Filters were exposed to
X-ray film or phosphorimager screens and developed after 0.5-7 days.

Radiolabeled mtDNA probes

Fragments of mtDNA were amplified using the following pairs of oligonucleotide primers
(Sigma-Genosys, numbered 5’ to 3’). Nucleotide numbering is based on the published
sequences of mouse (34) and rat (35) mtDNA. The number assigned to each mouse (m)
probe is as in the schematic maps shown in the Figures. Mouse mtDNA probe m1:
CTAGGAGGTGTCCTAGCCTTAATC and CGATAACGCATTTGATG-GCCCTG, nt
15,007-15,805; probe m4: ACGCCTAATCAACAACCGTCTCC and
CATGGACTTGGATTAACTATGTGATATGC, nt 8,031-8,625; probe m12:
CAATATATATACCATGAATATTAT and CCTTAGGTGATTGGGTTTTGCGGA, nt
15,511-16,034. Rat mtDNA, probe r1: ACCTACTAGGAGACCCAGACA and
CCTGAGAAGACTGACTCTTCA, nt 14,866-15,331.

Single-stranded DNA markers for 2D-AGE

To produce a sSDNA arc on a 2D agarose gel, 1 kb DNA ladder (Invitrogen) was denatured
by heat at 95 °C for 3 min, flash-frozen (ethanol-dry ice) and run on a standard 2D gel
together with the double-stranded (undenatured) DNA ladder.

Preparation of RNA/DNA hybrid

A 46 nt RNA polynucleotide (5-UUGUUAUUAUUAUGUCCUACAAGCAUUAA-
UUAAUUAACACACUUU-3") and 93 nt DNA polynucleotide (5-CTCGAGGG-
AACCGGTGGAGCTGGCGATTACAAGGACGACGATGACAAGGGCGGAGCCG
CTGGACATCACCATCACCATCACTGATGAGGGCCC-3"), were 5' end-labeled using
T4 polynucleotide kinase and [y32P]-ATP (GE Healthcare), then purified from
unincorporated 32P using a G-50 mini-column (GE Healthcare). The RNA was annealed to a
complementary 46 nt DNA in 250 mM Tris-Cl, pH 7.9 by heating at 95 °C for 3 min,
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followed by cooling to 75 °C at 0.05 °C/s, then to 25 °C at 0.01 °C/s. After one hour at 25
°C, hybrids were further cooled to 4 °C at 0.01 °C/s, followed by gel purification.

Electrophoretic Mobility Shift Assay (EMSA) of model substrates

10 nM 5'-32p-labeled RNA/DNA hybrid or ssDNA and either 2,500, 500, 50, or 5 ng
purified S9.6 antibody (Pierce A/G spin-column) or 1 pl of crude supernatant
(approximately 0.5 mg/ml antibody) were incubated in a final volume of 15 ul binding
buffer (50 mM Tris-HCI, pH 7.9, 50 mM NaCl, 10% glycerol, 0.04% bromophenol blue,
0.04% xylene cyanol and 10 mM EDTA when indicated). The incubation was carried out for
10 min at room temperature, and the material immediately loaded into an 8%
polyacrylamide gel (0.1 cm x 20 cm x 20 ¢cm) cast and run in 1x TBE. The gel, pre-cooled
overnight to 4 °C, was pre-run for 60 min at 250 V, followed by electrophoresis of the
samples at the same voltage until the bromophenol blue had migrated 10 cm. The gel was
dried and exposed for approximately 20 h to a phosphorimager screen.

Assay of SSB-associated nuclease activities

A 26 nt RNA oligomer (nt 14741-14766 of mouse mtDNA) was 5’ end-labeled using T4
polynucleotide kinase and [y32P]-ATP (GE Healthcare), then purified from

unincorporated 32P using a G-50 mini-column (GE Healthcare). It was annealed to a 110 nt
DNA oligomer (nt 14691-14800) by heating to 95 °C for 5 min then slowly cooling to 4 °C.
The synthetic RNA/DNA hybrid was purified by 1D-AGE and electroeluted using
Recochips (TaKaRa). Hybrid was incubated with SSB at weight ratios of 7, 4.5and 2to 1
(SSB:hybrid) (GE Healthcare) in binding buffer for 15 min at 37 °C, as described (11). After
fixing, by addition of 0.2 pl of 8% glutaraldehyde, products were separated by 20% non-
denaturing PAGE. Nuclease treatments of the RNA/DNA hybrid were 0.15 U RNase H, 15
min at 37 °C, or 1 U RNase One™, 5 min at 37 °C.

Transmission electron microscopy

Approximately 1 pg of mitochondrial nucleic acids prepared from sucrose density gradient-
purified mitochondria was treated with 50 U of RNase I+ (NEB) at 37 °C for 30 min in
manufacturer’s reaction buffer, recovered by phenol-chloroform extraction and ethanol
precipitation, and redissolved in TEM grade TE-buffer (10 mM Tris-HCI, 0.1 mM ETDA,
pH 7.6). An aliquot was further treated with 5 U of RNase H (Fermentas) at 37 °C for 30
min in the manufacturer’s recommended buffer, and recovered similarly. Aliquots (0.5-1.0
ng) of RNase-treated mtDNA were directly mounted on parlodium-coated grids with or
without the presence of formamide, following the Kleinschmidt procedure (36,37). Imaging
and analysis were as described previously (38).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Mouse liver, formamide

Figure 1. TEM of duplex mtRIs from sucrose gradient-purified mitochondria

Panels A, B, D and E from HEK?293 cells, panel C from mouse liver. Scale bars represent
200 nm. Interpretations alongside show duplex segments delineating an entire 16 kb circle in
black, with the alternate branch of replication bubbles in red. A, B, D: examples of fully
duplex 8-forms seen without (A, B) or with (C, D) formamide spreading. E: formamide
spreading after RNase H treatment revealed extensive single-stranded regions (orange). For
further examples see Suppl. Fig. 1, plus full data compiled in Table 1.
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Figure 2. Immunopurification of mtRIs with a monoclonal antibody against RNA/DNA hybrid
All panels are 2D-AGE of Bcll-digested mouse liver mtDNA, probed for the 4.1 kb Op-
containing fragment (probe m12). 1n — unit-length (unreplicated) fragment, b — bubble arc,
SMY - slow-moving Y-like arc, Y — Y arc, mSMY — modified slow-moving Y-like arc,
mod — material whose mobility is modified by binding to the antibody. For fuller
explanation of terminology see Suppl. Data. (A) The digest was either untreated, digested
with RNase H or reacted with the antibody in an EMSA experiment prior to electrophoresis.
Antibody treatment modified the mobility of the same species that were sensitive to RNase
H, i.e. the bubble arc and SMY arcs, whereas the standard Y-arc was comparatively
unaffected. This indicates that the bubble and SMY arcs, which represent “early’ replication
intermediates where the leading strand has either not yet traversed the restriction site
bounding the fragment, or has passed it leaving an undigestible site, contain extensive
regions of RNA/DNA hybrid. Conversely, the standard Y-arc, representing molecules where
the lagging DNA strand has been synthesized across the site, contains relatively little RNA/
DNA hybrid. (B) Immunopurification of species containing RNA/DNA hybrid. Comparing
bound and unbound fractions with each other and with the same material prior to
immunopurification (total), the unbound fraction consisted mainly of the standard Y-arc,
whereas the bubble arc and SMY arcs were highly enriched in the bound fraction. This is
consistent with the results of the EMSA experiment (panel A). (C) Prior to
immunopurification, the sample was either digested (or not) with RNase H. RNase H pre-
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treatment destroyed all of the bound material (panel iv), confirming the specificity of the
antibody. Similar findings were obtained if the samples were treated with RNase H after
immunopurification (not shown). The map (left) indicates the digestion sites, probe location
and relevant surrounding features of mouse mtDNA (12S — 12S rRNA gene, NCR - non-
coding region, Cyt b — cytochrome b gene, grey bars).
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Figure 3. CsCl banding compromises mtDNA quality

(A) 2D-AGE of AflllI-digested mouse liver mtDNA, extracted from sucrose density gradient
purified-mitochondria, probed for the 6.5 kb Oy-containing fragment. (B) 2D-AGE of Blpl-
digested rat liver mtDNA, extracted from sucrose density gradient purified-mitochondria,
probed for the 5,579 bp Oy-containing fragment. Panels i — no further treatment; panels ii —
mtDNA purified by CsCl banding before digestion; panels iii — mtDNA treated for 5 min
with 0.1 U RNase H at 37 °C following restriction digestion. b — bubble arc, resolved by
RNase H or CsCl banding into an RNase H-resistant bubble arc b1, plus a retracted, RNase
H-modified bubble arc b2, as described previously by Yasukawa et al. (6), and as illustrated
in the diagram below the gel panels (nascent DNA as blue arrows, provisional RNA lagging-
strand in red). The retracted bubble arc b2 created by RNase H treatment or CsCI banding is
partially single-stranded, decreasing its mobility, as confirmed by studies of model
substrates (Suppl. Fig. 4). The mobility of the slow-moving Y-like arcs (SMY), resulting
from non-digestion at the restriction sites, is also modified by CsCl banding or by treatment
with RNase H (MSMY). In the case of the Blpl digest of rat mtDNA, the changes to the
mobility of the slow-moving Y-like arcs were subtler than for mouse mtDNA. However,
both CsCl banding and RNase H digestion generate a prominent sub-Y arc (sY). The maps
indicate the digestion sites and relevant surrounding features of mouse and rat mtDNA (12S
—12S rRNA gene, NCR — non-coding region, Cyt b — cytochrome b gene, grey bars) and
location of the probe r1 (black bar).
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Figure 4. SSB exhibits an RNase H-like activity
Labeled RNA oligo alone, or annealed to the unlabelled DNA oligo, incubated with
nucleases/buffers as shown or increasing amounts of SSB (GE Healthcare). For 100 ng
substrate nucleic acid, SSB was added at 230, 460 and 680 ng. In right-hand gel SSB was
used at 680 ng. SSB from Promega yielded the same result (not shown). The residual
fragment produced by RNase H digestion (or by SSB) was not a single nucleotide, since
RNase One™ treatment produced a much smaller product, assumed to be mononucleotides.
Note that Brown et al. (7) used SSB from GE Healthcare (formerly Amersham Biosciences)
at 5-fold weight excess over mtDNA to prepare samples for AFM, similar to the
intermediate condition used in the left-hand panel.
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Figure 5. 2D-AGE analysis of single-stranded DNA molecules
A: End-labeled, heat-denatured (ss) and undenatured (ds) linear fragments (1 kb ladder,

Invitrogen) were combined and separated by 2D-AGE. The assignment of the various spots
as double or single-stranded was based on heat-denatured and undenatured linear fragments
run on separate 2D gels, in parallel (data not shown). The markers show the relative
migration properties of arcs of double- and single-stranded DNAs under the gel conditions
used in the experiments shown in the other panels. B: Dral-digested mtDNA from sucrose

gradient-purified mouse liver mitochondria treated as indicated prior to 2D-AGE, and

hybridized with probe m4. The fragment detected does not contain the origin, so the
majority of mtRIs migrate as a standard Y-arc. No arc of sSDNA was seen, indicating that
strand-separation of partially single-stranded molecules of the type predicted by the strand-

displacement model (SDM) either does not occur under these conditions, or that such

molecules are absent. RNase H treatment (panel ii) was used deliberately to create molecular
forms equivalent to those predicted by the SDM. The slow-moving Y-like arc was modified

(mSMY), indicating the successful removal of tracts of lagging strand RNA, but only a very
faint arc of sSSDNA was created, showing that strand separation of partially single-stranded
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molecules is nevertheless minimal under these conditions. A combined RNase H plus RNase
One™ treatment produced a more abundant arc of sSDNA fragments (panel B-iv), as the
removal of the nascent RNA L-strand (red line) by RNase H exposes scattered
ribonucleotides (red spots) on the template H-strand to RNase One™ (panel B-iii). C: 2D-
AGE analysis of mtDNA molecules from crude mitochondria. Dral-digested liver mtDNA,
with and without subsequent treatment by S1 nuclease prior to 2D-AGE, hybridized with
probe m4. A schematic circular map of the mouse mitochondrial genome shows the
positions of relevant Dral sites, Oy, O, the probe used (black bar), the non-coding region
(NCR, dark grey bar) and the genes for 12S rRNA and cytochrome b (light grey bars). In
addition to modified slow-moving arcs (MSMY), the non origin-containing fragment
detected by probe m4 shows a standard Y-arc resistant to S1 nuclease, plus an S1-sensitive
sub-Y arc which is absent when DNA from highly purified mitochondria is analysed (panel
B-i). mtRIs from crude mitochondria behave in this assay like intact mtDNA that has been
treated with RNase H: only a faint ssDNA arc is visible, even though the modified SMY
arcs contain single-stranded regions and are thus destroyed by S1 nuclease. In conclusion,
strand-separation is not a viable explanation for the absence from 2D gels of the mtRlIs
predicted by the SDM. Moreover, the arcs that would be formed by single-stranded mtRIs
are distinct from standard bubble arcs, based on model substrates (Suppl. Fig. 4), yet are not
seen in material prepared from highly purified mitochondria.
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Figure 6. Full genome analysis of replicating mouse mtDNA by 2D-AGE
Strand separation of the partially single-stranded replication bubbles predicted by the SDM
should generate a prominent, heterogeneous population of sSSDNA molecules after 2D-AGE
of Blpl digested mouse mtDNA (panels A and B-i). The predicted sSDNA arc was not seen
after hybridization to probe m1 (panel B-ii) unless the sample was treated with RNase H
(panel B-iii). Note that the electrophoresis conditions used in this experiment do not resolve
arcs associated with large fragments of DNA. A resolving gel of the same sample is shown
in panel C: i - no further treatment. ii - treated with RNase H alone or iii - RNase H followed
by S1 nuclease, after restriction digestion. ¢ — circles; g — gapped circles; b — bubble arc. The

map (top left) indicates the digestion site and relevant surrounding features of mouse

mtDNA (12S - 12S rRNA gene, NCR — non-coding region) and location of the probe m1.
As predicted by the RITOLS model, uncut circles which are resistant to digestion at the Blpl
site are converted by RNase H treatment to an arc of gapped circles, indicating that non-
cutting at the Blpl site is due to the presence of lagging-strand RNA. The gapped circles are
further digested (to linear molecules) by S1 nuclease, since the region that was originally
RNA/DNA hybrid is left as sSSDNA following RNase H treatment.
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