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Replication of mitochondrial DNA
occurs by strand displacement with
alternative light-strand origins, not via a
strand-coupled mechanism
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The established strand-displacement model for mammalian mitochondrial DNA (mtDNA) replication has
recently been questioned in light of new data using two-dimensional (2D) agarose gel electrophoresis. It has
been proposed that a synchronous, strand-coupled mode of replication occurs in tissues, thereby casting doubt
on the general validity of the “orthodox,” or strand-displacement model. We have examined mtDNA
replicative intermediates from mouse liver using atomic force microscopy and 2D agarose gel electrophoresis
in order to resolve this issue. The data provide evidence for only the orthodox, strand-displacement mode of
replication and reveal the presence of additional, alternative origins of lagging light-strand mtDNA synthesis.
The conditions used for 2D agarose gel analysis are favorable for branch migration of asymmetrically
replicating nascent strands. These data reconcile the original displacement mode of replication with the data

obtained from 2D gel analyses.
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Replication of mammalian mtDNA has been thought to
occur asymmetrically, using broadly separated strand-
specific unidirectional origins of replication (Fig. 1). Rep-
lication of the leading strand initiates at the origin of
heavy (H)-strand synthesis (Oy) and proceeds unidirec-
tionally, displacing the parental H-strand as single-
stranded DNA (ssDNA). The enlargement of this dis-
placement-loop (D-loop) proceeds for a distance of about
two-thirds around the circular genome. The origin of rep-
lication for the lagging strand, termed the origin of light
(L)-strand synthesis (O, ), is then exposed, and synthesis
of the nascent L-strand proceeds in the opposite direc-
tion on the single-stranded template of the expanded
D-loop (Exp-D). A consequence of strand-asymmetric
synthesis is that the daughter molecule with the new
L-strand is delayed in completion with respect to the
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other daughter molecule, and segregates prior to com-
pleting replication. These molecules are termed gapped
circles (GpC), since they contain a gap in newly synthe-
sized L-strand DNA, leaving an H-strand template region
that is still single-stranded. The asymmetric replication
model is reviewed in detail elsewhere (Shadel and Clay-
ton 1997).

Recently, several papers have appeared that re-exam-
ine this model of mammalian mtDNA replication (Holt
et al. 2000; Yang et al. 2002; Bowmaker et al. 2003; Ya-
sukawa et al. 2005). Restriction fragments of DNA that
contain candidate replication origins and replication
forks can be detected using two-dimensional (2D) aga-
rose gel electrophoresis (Friedman and Brewer 1995). In
this technique, DNA fragments are separated in the first
dimension based on size and in the second dimension
based on strand configuration. Under this analysis DNA
fragments with classic synchronous leading- and lagging-
strand replication forks display what is known as a y-arc.
Linear fragments form a spot, and a distribution of
double-stranded replicating fragments creates a y-arc
that emanates from this linear spot. The arc ends in a
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Figure 1. The asymmetric and strand-coupled models of
mtDNA replication. Both models agree on the nature of the
simple D-loop form of mtDNA. The displacement-model of rep-
lication is shown on the left and proceeds with single-stranded
replication of the H-strand with further expansion and displace-
ment of the D-loop. The intermediates are called expanded
D-loops (Exp-D). This proceeds until the L-strand origin (O,) is
exposed, with subsequent synthesis of the new L-strand in the
opposite direction. Those intermediates are termed Exp-D(I).
The asymmetry of strand synthesis leaves one segregated
daughter molecule with an incompletely synthesized L-strand,
called a gapped circle (GpC). The strand-coupled or synchronous
model of replication is shown on the right. In this model, there
is thought to be a zone of replication initiation within a broad
area beyond the simple D-loop. Within this zone, both strands
are synthesized bidirectionally as the double-stranded replica-
tion forks proceed through the length of the mtDNA. Exp-D,
Exp-D(I), and GpC forms are excluded by this mode of replica-
tion.
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position that is twice the size of the linear fragment, as
would be expected as replication forks proceed through
the end of the restriction fragment (see Fig. 6A, below).
Using this technique, Holt, Jacobs, and coworkers (Holt
et al. 2000) have revealed y-arcs within an area between
the two origins described above. Replication forks of this
type in this mtDNA region are inconsistent with the
asymmetric strand-displacement model of replication.
To account for the behavior of this y-arc under various
experimental conditions, Holt, Jacobs, and collaborators
(Young et al. 2002; Bowmaker et al. 2003) concluded that
mtDNA replicates symmetrically, with leading- and lag-
ging-strand synthesis progressing from multiple, bidirec-
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tional replication forks within a broad zone (see Fig. 1).
They also propose that the strand-displacement model of
replication is based on an artifact of preparation in which
discontinuously synthesized “lagging” strands are pref-
erentially degraded due to both a very high rate of ribo-
substitution in that strand and an RNase H-like activity
that is envisioned as a contaminant in those prepara-
tions. It was concluded that there is no asymmetric rep-
lication of mtDNA, despite overwhelming evidence to
the contrary. These suppositions and other arguments
have recently been presented, along with a more detailed
examination of this current controversy (Bogenhagen
and Clayton 2003a,b; Holt and Jacobs 2003).

Here we present new experimental results and inter-
pret them as evidence that the conclusions above are
incorrect. To this end, we purified mtDNA from mouse
liver tissue using procedures that yield the y-arc patterns
displayed by the 2D gel technique. We then character-
ized these molecules using atomic force microscopy
(AFM) and find evidence that strand-displacement repli-
cation is the dominant or even sole mode of mtDNA
replication in mouse liver. In addition, AFM mapping
indicates that there are alternative L-strand initiation
sites. We propose that these alternate L-strand initiation
sites can explain the 2D agarose gel patterns in a way
that is consistent with a strand-displacement mode of
replication. Finally, we demonstrate that branch migra-
tion of replicating DNA strands during preparation for
2D gel analysis may also contribute to the erroneous
conclusion that strand-synchronous replication is the
principal mode of replication in mammalian mitochon-
dria.

Results

Direct visualization of mtDNA by atomic
force microscopy

In AFM images, ssDNA appears thinner than double-
stranded DNA (dsDNA) and, under the ionic strength
used for imaging, forms a condensed structure that pre-
vents determination of the contour length. We therefore
developed a procedure to bind Escherichia coli ssDNA-
binding protein (SSB) to the mtDNA just prior to immo-
bilization for AFM (Fig. 2). M13 phage DNA is a single-
stranded circular molecule of 6407 nucleotides and ap-
pears as a collapsed self-annealed molecule under
standard AFM imaging conditions (Fig. 2A). Upon incu-
bation with SSB, the M13 molecule is resolved (Fig. 2B).
Similarly, ssDNA regions of mtDNA are resolved and
are highlighted after binding with SSB (Fig. 2C). The SSB-
coated ssDNA appears thicker than dsDNA in AFM im-
ages due to wrapping of the DNA around multimers of
SSB protein. This allowed easy recognition of ssDNA
regions of mtDNA even in large scan sizes with lower
resolution.

Table 1 summarizes the data collected using AFM. In
order to quantify the relative number of replicative in-
termediates in this sample, we counted and classified
each molecule within nonoverlapping 4-um? regions of
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Figure 2. AFM images of M13 phage and mtDNA. M13 phage
genomes before (A) and after (B) binding to SSB. (C) Two
mtDNA molecules with single-stranded regions coated with
SSB. Bars, 0.25 pm.

the mica grid. From a total of 615 molecules thus ob-
served, 78 had extended regions of ssDNA, as defined by
SSB binding, which represents 12.7% of the total mol-
ecules. These are considered to be in various stages of
replication. Another 66 molecules (10.7%) were identi-
fied that contained only a short D-loop, presumably at
the classically defined control region (Kasamatsu et al.
1971). Molecules with Exp-D were the most abundant
replicative intermediates in our preparations (21), fol-
lowed closely by GpC (20). Those intermediates contain-
ing both daughter molecules in various stages of replica-
tion were less abundant (8). The remaining molecules
with extended ssDNA fell into areas with multiple over-
lapping circles, which prevented a clear classification.
We also observed five mtDNA molecules that were
twice the normal length. Finally, we were able to mea-
sure unambiguously the contour lengths of 192 mol-
ecules. Our average length measurement of 5 pm for
mouse mtDNA agrees with earlier electron microscopic
data (Borst and Kroon 1969). In following these contours,
and in deliberate searching, we found no molecules that
appeared to have opposing double-stranded replication
forks or Cairns structures, which are predicted by the
strand-coupled model of replication. These would have
been revealed either by following the contour path for
the forks, or by finding molecules that were longer than
expected for a simple circle. Supplementary Figure S1
illustrates the results of a control experiment demon-
strating that our AFM imaging technique is capable of
revealing double-stranded Cairns structures, even
though they were not seen in our mtDNA preparations.
Therefore, by direct visualization, we find no molecules
that support the symmetric replication model of mouse
mtDNA as proposed by Holt, Jacobs, and coworkers
(Holt et al. 2000, Yang et al. 2002; Bowmaker et al. 2003;
Yasukawa et al. 2005).
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Figure 3 presents examples of the various forms of
mouse liver mtDNA seen with AFM, their contour
paths, and classification type. Figure 3A shows a mol-
ecule with a simple D-loop. This structure is formed by
the synthesis of a short H-strand initiating at Oy and
terminating at the end of the noncoding control region.
Figure 3B and C shows examples of Exp-D in which one
strand is displaced as ssDNA while unidirectional repli-
cation proceeds on the other strand. Figure 3D shows
partial synthesis of both daughter molecules attached to
the parental molecule (Exp-D[I]). The strand type and
lengths from the replication forks are consistent with
the use of the two origins Oy and O;, defined as shown.
Figure 3E is an example of a daughter molecule that has
segregated with a partially synthesized L-strand an-
nealed to the parental ssDNA (a GpC). These molecules
all represent intermediates consistent with the strand-
displacement model of mtDNA replication.

Figure 4A displays a summary diagram of the discern-
ible lengths of the displaced regions of Exp-D. We as-
sume here the location of the established leading-strand
origin, Oy, as described in the Materials and Methods.
The length distribution of the Exp-D indicates that the
single H-strand expansion boundary is restricted to the
area between Oy and O;. This result is also consistent
with the displacement, or asymmetric, mode of mtDNA
replication. Figure 4B is a summary diagram of the
single-stranded lengths found in GpC molecules. The
GpC molecules arise from the segregation of incom-
pletely replicated daughter molecules with newly syn-
thesized L-strands and single-stranded parental
H-strands. These results may indicate that L-strand syn-
thesis is either initiated at multiple locations and/or is
frequently paused. Neither of these possibilities can be
eliminated from this analysis. Most importantly, it is
difficult to reconcile any of these GpC molecules with
the strand-coupled model of replication, in which
completion of replication is predicted to segregate two
entirely replicated daughter molecules.

Table 1. Summary of mtDNA molecules observed using
atomic force microscopy

Total molecules screened 615
Molecules with extended ssDNA 78 (12.7%)
Molecules with short D-loops 66 (10.7%)
Expanded D-loop molecules 21
Molecules with partial synthesis 8
of both daughters
Gapped circular (B daughter) molecules 20
Dimer molecules 5
Contours measured 192
Mean length (micrometers) 5.04 +0.18

The top panel represents molecules scored from random sam-
pling. The center panel also includes additional molecules that
were not part of the random sample. The lower panel represents
the contour length measurements made on simple circular and
D-loop-containing molecules.

(ssDNA) Single-stranded DNA.
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Figure 3. Replicative intermediates of mtDNA seen by AFM.
The first column displays the AFM images, the second column
outlines the contour, and the third column diagrams the inter-
mediate and shows the strand contour lengths. Blue lines rep-
resent the parental strands, red lines represent the compacted
ssDNA coated with SSB protein, aqua lines represent nascent
H-strand synthesis, and green lines represent nascent L-strand
synthesis. (A) Simple D-loop. (B) Short Exp-D. (C) Large Exp-D.
(D) Exp-D with L-strand (Exp-D[I]). (E) GpC molecule with par-
tial synthesis of the L-strand. Bars, 0.25 pm.

Figure 5 shows three molecules that indicate that
there are alternative L-strand origins in addition to the
previously defined O; shown in Figure 3D. The molecule
in Figure 5A has a clear double-stranded fork that defines
one of the origins. There are two possible orientations. If
we assume that this fork represents the H-strand origin,
then the L-strand origin begins on the distal side of the
double-stranded region. This interpretation would place
the L-strand origin only 0.64 pm away from Oy, at about
mtDNA nucleotide 14,000, which is near the 5’ end of
the ND6 gene. However, it is also possible that the
double-stranded fork represents replication pausing at an
L-strand origin. In that orientation, the total distance
between the two forks defines the position of the
L-strand origin. The length of the double-stranded region
of the displaced loop is again 0.64 um, and the adjacent
single-stranded region is ~1.7 um. Therefore, the total
length of the displaced H-strand is 2.34 pum. This inter-
pretation would place the L-strand origin at approxi-

Replication of mtDNA

mately mtDNA nucleotide 8400, which is located
within the 3’ region of the ATPase 6 gene. Figure 5A
displays this latter interpretation. Length determina-
tions of SSB-coated regions were less precise due to DNA
wrapping (see Materials and Methods). Therefore, we
rely more heavily on the dsDNA length measurements
when corresponding displaced and replicated strand val-
ues are not identical.

The molecule in Figure 5B indicates the presence of
yet another L-strand origin. In this case, the displaced
H-strand has two ssDNA regions, separated by a short
stretch of dSDNA. One of the forks at the boundary of
the single-stranded region defines the position of O.
The L-strand origin is at one or the other of the two ends
of the double-stranded region between the two single
strands. If the fork adjacent to the short single-stranded
region is Oy, then the position of the L-strand origin
would lie ~0.44 pm away, which is estimated to be
within the cytochrome b gene at approximately nucleo-
tide 14,600. If the fork adjacent to the longer single-
stranded region is the H-strand origin, then the L-strand
origin is ~1.46 pm away, which is calculated to be within
the ND4 gene at approximately nucleotide 11,300.
Again, Figure 5B displays the latter of the two possible
interpretations.

The molecule in Figure 5C is a GpC molecule with
two regions of dsDNA. Since newly synthesized strands

A
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Figure 4. Length distribution of newly synthesized nascent-
strand intermediates. Individual mtDNA molecules are shown
in linear form. Thick lines represent new complementary strand
synthesis, and parental strands are shown as thin lines. (A) The
lengths of the newly synthesized heavy strands measured from
Exp-D molecules. All Exp-D in this analysis occur within the
boundaries of Oy and O;. (B) The lengths of nascent L-strands
measured from GpC molecules. The position of Oy cannot be
determined from the GpC forms and is therefore not shown.
The L-strand origin (LSO) is displayed to the far right.
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Figure 5. Replicating mtDNA with alternate L-strand origins.
The first column displays the AFM images, the second column
outlines the contour, and the third column diagrams the inter-
mediate and shows the strand contour lengths. Blue lines rep-
resent the parental strands, red lines represent the compacted
ssDNA coated with SSB protein, aqua lines represent the na-
scent H-strand synthesis, and green lines represent nascent
L-strand synthesis. Although the third column shows the mol-
ecules in one particular orientation relative to Oy, the opposite
orientation is also possible, with Oy located at the other fork.
Bars, 0.25 pm.

on GpC molecules initiate at L-strand origins, this mol-
ecule has used two L-strand origins. This case represents
further evidence that the traditional O; is not the sole
origin for L-strand synthesis. Without defined forks, it is
impossible to map the location of these L-strand ori-
gins. However, it is clear that at least one of these two
L-strand origins has not been previously recognized.

Confirmation of qualitative 2D gel analyses

Figure 6A is a diagram of the y-arc components in which
the arc begins at the position of 4.5-kb linear DNA, in
this case, and ends along the line of linear fragments at
the 9-kb location. dsDNA with a distribution of fork
positions and strand lengths forms the arc pattern be-
tween these boundaries. Figure 6B shows that the mouse
liver mtDNA, from mitochondria isolated as described
by Yang et al. (2002) and that we have characterized by
AFM, displays a y-arc pattern. This result demonstrates
that there are no substantial differences between our
preparations of mtDNA and those of Holt and colleagues
(Holt et al. 2000; Yang et al. 2002). More importantly,
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since no synchronously replicating Cairns-like mol-
ecules are seen with AFM, the 2D gel y-arc is probably
formed by strand-asynchronous replicative intermedi-
ates. Alternatively, this y-arc could represent an ex-
tremely minor fraction of symmetric intermediates that
escaped the AFM screen. Figure 6C shows that the y-arc
is also formed using mtDNA from LA9 cells, using the
method used historically for previous studies of mtDNA
replication. This result indicates that the two methods
of mtDNA preparation yield similar results, casting fur-
ther doubt on the assertion that the LA9 cell purification
method generates artifactual replication intermediates
that have been degraded by RNase H (Yang et al. 2002).
The LAY y-arc also contradicts an earlier conclusion that
cultured cell lines use a fundamentally different mode of
replication than tissue mtDNA (Holt et al. 2000). Figure
6D displays further evidence that the integrity of our
liver mtDNA preparation is equivalent to that of Holt

1D

Figure 6. Neutral-neutral 2D agarose gel analysis of mouse
mtDNA. (A) Diagram of a y-arc. The orientations of the first and
second dimensions are shown with arrows. The formation of
the y-arc is described in the text. In B and C, the 4.5-kb Dral
fragment was probed with a portion of the ATPase 6 gene
(nucleotides 8032-8497) and was treated with S1 nuclease.
DNA in D was digested with Bgll and probed with a fragment of
the ND4 gene (nucleotides 10577-11193). DNA in E was probed
for the 7S DNA strand, corresponding to the D-loop region
(nucleotides 16027-15510). DNA in D and E was not treated
with S1 nuclease. (B) 300 ng liver mtDNA. (C) 500 ng LA9
mtDNA. (D) 500 ng liver mtDNA. (E) 150 ng liver mtDNA.
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and coworkers (Yang et al. 2002). Slow-moving y-arcs are
thought by those authors to represent extensively ribo-
substituted replicative intermediates that are not
cleaved by the restriction enzyme Bgll. This panel dem-
onstrates that such molecules are present in our AFM
preparation and, therefore, regardless of the extent of ri-
bosubstitution, we find no evidence for degradation by
an RNase H as they have proposed (Yang et al. 2002). In
addition, we were unable to detect RNase H activity in
our mitochondrial lysates (Supplementary Fig. S2). Fig-
ure GE represents an analysis of Dral-cleaved mtDNA
without SI-nuclease treatment that has been probed for
the D-loop region mtDNA sequence. The nascent repli-
cation-paused strand of DNA, known as 7S DNA and
shown as a single strand in the D-loop molecule in Fig-
ure 1 (top), has been released from the mtDNA due to
branch migration and subsequent reannealing of the pa-
rental strands. This observation demonstrates that
branch migration of asymmetrically replicating interme-
diates is favored under the conditions used for 2D gel
analysis.

Discussion

The historical model of mammalian
mtDNA replication

The strand-asynchronous displacement model for mam-
malian mtDNA replication was initially proposed based
on the topology of single- and double-stranded replica-
tive intermediates observed using electron microscopy
(EM). An extensive series of detailed studies followed
that were facilitated by the ability to isolate individually
pure H- and L-strands of mtDNA and label them selec-
tively due to the exclusive presence of the mitochon-
drial-specific form of thymidine kinase in certain mu-
tated cell lines. This allowed mtDNA pulse and pulse-
chase labeling experiments to be conducted that identify
and characterize temporally the mtDNA molecules that
are bona fide replicative intermediates (Berk and Clayton
1974). The advantages of mtDNA-specific labeling in
cell culture systems are lacking in whole animal or tis-
sue systems, which led to an experimental bias in cell
sources and fewer studies using tissue sources. It there-
fore remained possible that an alternative mode of rep-
lication operates in tissues. However, EM studies from a
variety of tissues did not reveal any substantial incon-
sistencies with the strand-displacement model of repli-
cation (Pik6é and Matsumoto 1977; Rajamanickam et al.
1979; Piko et al. 1984). The view that mtDNA replica-
tion in cell culture is fundamentally the same as in tis-
sues has only recently been challenged by interpretation
of data from 2D agarose gels (Holt et al. 2000; Yang et al.
2002; Bowmaker et al. 2003; Yasukawa et al. 2005).

Interpreting recent data on mammalian
mtDNA replication

Our goal in this work was to clarify the mode of mtDNA
replication in mouse liver tissue using approaches that
were mindful of the previous interpretations of the 2D
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agarose gel data. We chose to use AFM in this analysis to
avoid previous criticisms that the extensive sample pro-
cessing, including the partial denaturation required for
EM, might lead to artifacts in the images observed.
Sample processing for AFM is limited to relatively mild
buffer exchanges followed by immediate immobilization
on the mica surface within minutes. Despite these dif-
ferences, our results agree with earlier EM data. Using
AFM, we searched for classic replication bubbles (or
Cairns forms) that were either fully duplex or that con-
tained short regions of template ssDNA for the lagging
strand. Although not exclusive, this type of intermediate
is a hallmark of strand-coupled replication and occurs in
many organismal and viral DNA systems. We found no
such intermediates, although we have demonstrated our
ability to image these molecules. All of the replicative
intermediates observed were uniquely consistent with
the asynchronous, strand-displacement mode of replica-
tion. The extensively displaced single strands, the posi-
tions of the partially synthesized L-strands, and the
prevalence of GpC with partial L-strand synthesis are all
incompatible with strand-synchronous replication. Our
results are also consistent with an earlier study in which
native SSB-mtDNA protein complexes were purified
from rat liver and visualized by EM, revealing D-loops,
Exp-D, and GpC forms (Van Tuyle and Pavco 1985).
Those preparations should have maintained the natural
state of mtDNA replicative intermediates. While we
cannot rule out the existence of any strand-coupled rep-
licative intermediates, they would have to be present in
our preparations at a level of <0.5% to be missed alto-
gether.

Evidence for additional lagging L-strand origins

Interestingly, the AFM data provide new evidence for the
existence of alternative L-strand origins. This is indi-
cated by fork-to-fork measurements made within AFM
images of Exp-D(I) molecules (Fig. 5). The distances be-
tween the displacement forks reveal that there must be
other L-strand origins in addition to the orthodox Oj.
This observation requires a modification of a model for
strand-displacement replication in which there is only a
single L-strand origin. Prior evidence for multiple
L-strand origins exists in the literature. Robberson et al.
(1972) identified replication fork ends that mapped to
locations on either side of the traditional O;. Koike and
Wolstenholme (1974) found more dramatic evidence for
the existence of such origins, and Piké et al. (1984) also
proposed the existence of additional L-strand origins.
However, the sequencing of the mtDNA genome
showed that the traditional L-strand origin occurred
within one of the rare noncoding regions of the genome.
The only larger noncoding region was known to con-
tain the H-strand origin. Further 5'-end mapping from
cell culture systems supported the major Oy site as the
L-strand origin without the identification of any others
(Bogenhagen et al. 1979; Tapper and Clayton 1981, 1982).
The failure of these attempts to identify other ends
likely indicates that they are individually less abundant
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than those at the major Oy site in the cell lines used, and
are probably broadly distributed. A comprehensive fre-
quency and distribution of alternate O; usage in cultured
cells and tissues remains to be determined.

The qualitative 2D gel pattern of mammalian mtDNA
is common

We also used 2D agarose gel analysis to characterize
mtDNA from both mouse liver and the mouse LA9 cell
line. These analyses lead to several important observa-
tions and conclusions. The first is that mouse liver
mtDNA used for AFM analysis also yields y-arcs upon
2D gel analysis (Fig. 6B), indicating that we were suc-
cessful in preparing mtDNA comparable to that used by
Holt, Jacobs, and coworkers (Holt et al. 2000; Yang et al.
2002) in their 2D gel analyses. In addition to serving as a
quality control, this result provided the first indication
that the 2D gel patterns would have to be reconciled
with the replicative forms observed by AFM.

The second observation is that LA9 mtDNA prepared
by the procedure used historically in the Clayton labo-
ratory also yields y-arcs upon 2D gel analysis (Fig. 6C).
This finding contradicts the earlier conclusion that cell
lines grown in culture normally replicate mtDNA via a
different mode than in tissues (Holt et al. 2000). More
importantly, it indicates that the numerous mtDNA rep-
lication studies in which LA9 and similar cell lines were
used also had to be reconciled with the 2D gel pattern.
Yang et al. (2002) have proposed that single-stranded rep-
licative intermediates seen in these earlier studies are
artifacts created during the isolation of mtDNA from
cell lines. They have concluded that the nascent lagging
strand is preferentially substituted with ribonucleotides
relative to the leading strand. Upon isolation of mtDNA,
the presence of an RNase H-like enzyme is inferred,
which is posited to degrade the lagging strands and leave
the parental strands intact. The postulated RNase H ac-
tivity is thought by these authors to be eliminated dur-
ing sucrose gradient purification of mitochondria. Our
demonstration that the cell culture mtDNA preparation
yields y-arcs is strong evidence against the notion of
RNase H-mediated degradation of the lagging strand.
This result would not be expected if one of the synchro-
nously replicating strands were degraded.

There are further data that are inconsistent with the
claim for an RNase H-induced artifact. First, the evi-
dence for this enzyme contaminant is indirect, and
L-strand degradation is contradicted by previous experi-
ments in which newly synthesized L-strands were iso-
lated intact (Robberson and Clayton 1972; Berk and
Clayton 1974; Bogenhagen et al. 1979). Second, we have
evaluated our procedures for artifact opportunities due to
RNase H. We note that the use of AFM demanded a
further purification since the bulk of DNA isolated di-
rectly from sucrose-gradient purified mitochondria is ac-
tually nuclear. It is remotely possible that by further
purifying mtDNA in a CsCl-EtBr gradient we have in-
troduced a step that would allow degradation of one
strand as outlined above. However, the CsCl gradient
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step occurs after the sucrose gradient isolation of mito-
chondria that is argued to be the key step in eliminating
RNase H. We have also assayed our mitochondrial ly-
sates for RNase H and have found that the activity is
below the level of detection, which is 0.01 U (Supple-
mentary Fig. S2). Third, Figure 6D demonstrates that our
liver mtDNA forms slow-moving y-arcs upon 2D gel
analysis, showing that these preparations are equivalent
to those of Holt and coworkers (Yang et al. 2002) and, by
their criteria, free from RNase H contamination. Finally,
the isolation of GpC molecules is strong evidence
against a contaminating RNase H-like enzyme and is
inconsistent with a strand-specific nuclease scheme.
The double-stranded regions on these molecules are in-
tact nascent L-strands and the complementary parental
H-strands. These regions would have been at least par-
tially degraded if they were highly ribosubstituted and
exposed to an RNase H-like enzyme. These arguments
and data leave little doubt that the single-strand-contain-
ing intermediates seen by AFM are the result of strand-
displacement replication, not strand-specific degrada-
tion. It also indicates further that the 2D gel patterns
from these mammalian mtDNA preparations cannot be
interpreted in the simplest way, namely, that there are
synchronous replication forks between Oy and O; in
mtDNA.

The 2D gel analysis is not necessarily inconsistent
with strand-displacement replication

We hypothesize that the distribution of y-arcs and other
2D gel patterns might be explained by both alternative
L-strand origins and branch migration of nascent strands
in the strand-displacement mode of replication. Branch
migration occurs when the parental strands reanneal and
displace the nascent replicative strand. This process oc-
curs rapidly and is promoted by low salt concentrations,
nicking of closed circular DNA, and increased tempera-
tures (Radding et al. 1977). It should be pointed out that
the mtDNA preparation procedure employed by Holt,
Jacobs, and colleagues (Yang et al. 2002; Bowmaker et al.
2003; Yasukawa et al. 2005) uses a final buffer solution
with low salt, makes no attempt to isolate closed circu-
lar DNA, and generally employs a 50°C incubation.
Thus, there are multiple conditions in those studies pre-
dicted to enhance branch migration. Figure 6E shows
that branch migration of replication-stalled 7S DNA
readily occurs during the preparation of the sample for
2D gel analysis. Since this mtDNA was purified as a
closed circular mtDNA species, the release of 7S DNA
occurred after isolation during the initial steps of the 2D
gel procedure, either by the incubation in low-salt buff-
ers or through the linearization required by the tech-
nique.

Figure 7 illustrates several ways in which branch mi-
gration of asymmetrically replicating mtDNA might
lead to a set of molecules that distribute into the shape of
the y-arc. In single-strand branch migration, the parental
strands at either end could displace the leading strand of
replication. The 5’ end of the leading strand would be
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O~

Variable 5' forks
alt.Op

Bubbles

Figure 7. Formation of y- and bubble-arc intermediates
through alternate L-strand origins and branch migration of dis-
placement replication strands. Branch-migrated arms of nascent
strands are shown in gray. (A) Variable fork formation defined
by the 3’ end of the L-strand. (B) Variable fork formation defined
by the 5’ end of the L-strand. Variable formation of this end is
dependent upon alternative L-strand initiation. (C) Variable fork
formation at both ends to yield bubble-type intermediates.

quickly displaced until it meets the 3’ end of an L-strand.
The AFM data can be interpreted to indicate that these 3’
ends are broadly distributed (Fig. 4B). Branch migration
to these ends would create a distribution of “forks” that
would be rendered clean by S1 nuclease treatment or by
nicking at the branch point during the experiment. The
parental strands in the opposite direction would simi-
larly displace the 3’ end of the leading H-strand. This
migration would slow or stop when meeting an alterna-
tive L-strand origin, creating a similar set of “forks.”
“Bubbles” might also be formed by branch migration
from both ends converging on a nascent L-strand. Indeed,
this pattern has also been seen in the appropriate area
with 2D gels (Bowmaker et al. 2003), casting doubt on
the proposal of a bidirectional zone of initiation.

We note that branch migration has long been a con-
cern in studies of DNA replication and recombination.
Piko et al. (1978) have reported that ~20% of replicative
mtDNA intermediates examined from multiple tissues
showed some degree of branch migration. Indeed, the
originators of the 2D agarose gel technique were aware of
the potential dangers of branch migration and used in-
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verted DNA repeats to prevent their occurrence (Bell and
Byers 1983). Branch migration artifacts in 2D agarose gel
analyses are likely to be more prominent in asymmetri-
cally replicating DNA, in which a single nascent strand
is more easily displaced than would be the case for two
nascent strands at a more fully duplex replication fork.
Infrequent or delayed lagging-strand initiation and syn-
thesis could thus lead to branch migration and erroneous
mapping of fork positions in other systems that share
this characteristic with mtDNA.

Finally, it is probable that some of the y-arc-generating
forks do not require branch migration at all to form those
patterns. As shown in Figure 7, a stalled leading H-strand
may actually coincide with the alternative initiation of
an L-strand, perhaps through strand switching of the
polymerase or priming by associated mitochondrial
RNAs (Aloni and Attardi 1972; Carré and Attardi 1978;
Mayhook et al. 1992). The molecule shown in Figure 5A
may contain an example of such a fork. A distribution of
these forks among separate molecules within this area is
expected to form a y-arc upon 2D gel analysis. It is also
important to point out that although we have evidence
for multiple L-strand initiation sites, the AFM images
indicate that this is not equivalent to frequent repeated
initiations on any single molecule. If this were occur-
ring, we would have seen evidence of traditional leading-
and lagging-strand synthesis by AFM. Rather, the
L-strand initiations appear to occur once or twice per
molecule, in an asymmetric, strand-displacement fash-
ion.

A coherent conclusion on the principal mode of
mtDNA replication

All of the many investigations of the mode of vertebrate
mtDNA replication from 1971 to date either directly
support the strand-displacement model or provide no
compelling experimental data to support any alternative.
Indeed, the results obtained by 2D gel analyses of
mtDNA, reported here by us and by others elsewhere, do
not exclude the strand-displacement mechanism, nor do
they alone constitute evidence for other possible modes
of replication.

This conclusion does not preclude the possibility that
further studies will continue to refine the original repli-
cation model. The existence of additional, alternative
lagging L-strand origins opens the possibility that under
some conditions they may initiate more frequently and
thereby produce replicative intermediates whose formal
appearance is more fully duplex. Mammalian alternative
L-strand origins may reflect sequences or mechanisms
more commonly used in avian species where the ortho-
dox O; sequence is absent (Desjardins and Morais 1990).
Indeed, the results presented here are likely to be rel-
evant for the interpretation of recent 2D agarose gel data
presented from chicken mtDNA (Reyes et al. 2005). Fu-
ture comprehensive efforts to study various aspects of
mammalian mtDNA replication should further inform
its vital role in cellular processes.
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Materials and methods

mtDNA preparation

Mouse liver mitochondria was isolated and homogenized as de-
scribed by Yang et al. (2002) in order to maximize the recovery
of the y-arc-forming replication intermediates visualized by 2D
agarose gels. Briefly, mouse livers were isolated, minced,
washed in HB (225 mM mannitol, 75 mM sucrose, 10 mM Tris-
HCI at pH 7.6, 1 mM EDTA, 0.1% fatty acid-free BSA), and
weighed. Ten volumes of buffer were then added and the liver
tissue was Dounce-homogenized using 10 strokes with a tight-
fitting (type B) pestle. Centrifugation at 1000 x g for 5 min to
pellet unbroken cells and nuclei was followed by centrifugation
of the supernatant at 9000 x g for 10 min. The resulting mito-
chondrial fraction was resuspended, and both centrifugation
steps were repeated. The mitochondria-enriched pellet was
loaded onto a two-phase sucrose gradient with a lower phase of
1.5 M sucrose, 10 mM Tris-HCI (pH 7.6), 5 mM EDTA and an
upper phase with 1.0 M sucrose and the same buffer. The gra-
dient was centrifuged at 22,000 rpm in an SW28Ti rotor (Beck-
man) for 45 min. Mitochondria were isolated from the interface,
washed with three volumes of buffer, and pelleted at 15,000 x g
for 15 min. Initial attempts at AFM using DNA from subse-
quent proteinase K/phenol/chloroform extraction were unsuc-
cessful due to the predominance of contaminating nuclear
DNA. In order to further purify the mtDNA, the mitochondrial
fraction was lysed with SDS, and mtDNA was purified using a
CsCI-EtBr gradient as described (Tapper et al. 1983). The lower
band was isolated along with half the middle region upward
toward the nuclear DNA band. The positions of the various
mtDNA forms within this gradient have been fully character-
ized (Robberson and Clayton 1972; Robberson et al. 1972). This
fraction is expected to contain clean circular molecules, D-loop
molecules, Exp-D, GpC, and some of the doubly-initiated
daughter forms (Exp-D[I]). Cairns-like structures are predicted
to be in the lower band as demonstrated by the isolation of these
circular forms from SV40 viral DNA preparations (Jaenisch et al.
1971; Sebring et al. 1971). Prior to AFM analysis, purified
mtDNA was dialyzed twice against one liter of 100 mM NaCl,
50 mM Tris-HCI (pH 8.5), 10 mM EDTA (STE buffer) in Slide-
a-lyzer 7K cassettes (Pierce) and quantified using the Roche
Lightcycler as previously described (Brown and Clayton 2002).
The STE buffer was exchanged for binding buffer (4 mM HEPES,
10 mM NaCl, 2 mM MgCl,) by passing the mtDNA through a
Micro Bio-Spin 6 chromatography spin column (Bio-Rad) equili-
brated with this buffer immediately prior to microscopy. Alter-
natively, mtDNA was stored in CsCl after the removal of EtBr
through several extractions with CsCl-saturated isopropanol.

Mouse cell line LA9 mtDNA was prepared using the differ-
ential centrifugation and CsCl-gradient method previously de-
scribed (Tapper et al. 1983).

AFM

E. coli SSB was purchased from Amersham Biosciences at a
concentration of 4.75 pg/mL. Single-stranded M13 DNA was
purchased from New England Biolabs. SSB was bound to
mtDNA by incubation in binding buffer for 15 min at 37°C
using a weight ratio of 5:1 (SSB:DNA). These conditions are
similar to those previously used for EM (Griffith et al. 1984;
Park et al. 1998). Immobilization of the DNA-protein com-
plexes onto a mica surface was done as previously described
(Rivetti et al. 1999). Briefly, a 20-pL volume of SSB/mtDNA was
applied to freshly exposed mica and allowed to attach for 2 min.
The mica surface was gently washed with distilled water for 45
sec and dried under a stream of nitrogen. Atomic force micros-
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copy was performed with a Nanoscope III (Digital Instruments)
in tapping mode, using tips from Nanosensors (pointprobes,
type NCH-100). For random sampling data collection, an arbi-
trary site on the grid was selected. From this point, the probe
offset was adjusted to scan four areas around that point, each
being 4 ym? in size. The position of the probe was then system-
atically moved along one axis to avoid resampling any area on
the surface (Table 1). Additional replicating molecules were
identified and characterized through deliberate searches for
SSB/mtDNA.

Data analysis for AFM

Flattened images from the Nanoscope Il were converted to files
compatible with the analysis application, SigmaScan Pro 5
(SPSS, Inc.). Contour lengths of mtDNA strands were measured
using the Trace Measurement mode. ssDNA regions bound by
SSB appear short due to the wrapping of the DNA around tet-
ramers and octamers of SSB (Lohman and Ferrari 1994). Using
repeated measurements of SSB-coated M13 (see Fig. 2A,B) and
clear GpC mtDNA molecules as length references, we found
that the length of the SSB-bound ssDNA was shorter than linear
dsDNA by a factor of ~0.335. This value is similar to that found
in electron microscopy studies (Park et al. 1998). Length deter-
minations of SSB-bound ssDNA were much more variable than
with measurements of dSDNA, perhaps due to obscured contour
paths and a mixed mode of SSB binding. In defining the approxi-
mate locations of the L-strand origin, it is important to point
out that multiple laboratories have repeatedly defined the uni-
directional H-strand origin by a variety of approaches (Kasa-
matsu and Vinograd 1973; Crews et al. 1979; Tapper and Clay-
ton 1982; Kang et al. 1997; Holt et al. 2000). This position of the
H-strand origin is therefore used to map the L-strand origin, as
done previously (Robberson et al. 1972).

Neutral-neutral 2D agarose gel electrophoresis

Mouse liver mtDNA was prepared as above, and 150-300 ng was
digested with the restriction endonuclease Dral for 60 min as
outlined by the manufacturer (New England Biolabs). This en-
zyme creates a relevant 4.5-kb (mtDNA #5274-#9815) fragment
that lies between the classical H- and L-strand replication ori-
gins (Fig. 7). The restriction-digested mtDNA was ethanol pre-
cipitated and resuspended in Sl-nuclease buffer. Where indi-
cated, S1 nuclease was added (0.5 U) and the ssDNA was di-
gested for 1 min at 37°C. The reaction was stopped by the
addition of 0.02 M EDTA. For analysis of slow-moving y-arcs we
used the enzyme Bgll as described by Yang et al. (2002). The
procedure of Friedman and Brewer (1995) was used for 2D aga-
rose gel electrophoresis. Briefly, the DNA was electrophoresed
in 0.4% agarose without EtBr in a 1x TBE gel at measured cur-
rent of 0.7 V/cm for 20 h. The gel was then stained in TBE with
300 ng/mL EtBr for 20 min. The lane was then excised and
embedded at a 90° angle at the top of a 1% agarose gel contain-
ing 300 ng/mL EtBr. Second-dimension electrophoresis was
done at 4°C at 5V/cm for 4-5 h with buffer recirculation. The
DNA was transferred to a nylon membrane, and Southern
analysis was done using the nonisotopic DIG High Prime DNA
detection kit (Roche). The DNA probe used to detect y-arcs in
this region was synthesized by PCR using the primers 5'-
CGCCTAATCAACAACCGTCT-3’ and 5-TGGTAGCTGTT
GGTGGGCTA-3’, spanning mtDNA positions 8032-8497,
which lies within the ATPase 6 gene. This is identical to the
probe used by Holt and colleagues (Holt et al. 2000). The probe
used to detect 7S DNA that had been released by branch migra-
tion was also made by PCR using the primers 5'-CCTTAGGT
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GATTGGGTTTTGCGGAC-3' and 5'-GGTTCAGGTCATA
AAATAATCATCAAC-3’, spanning mtDNA positions 16027-
15510. The probe used for the detection of the slow-moving
y-arcs was made using the primers 5-AACTGAACGCCT
AAACGCAGGGA-3’' and 5'-CCATGATTATAGTACGGCT
GTGGA-3' spanning mtDNA positions 10577-11193 within
the ND4 gene. Chemiluminescence image detection was done
using a Lumi-Imager F1 (Roche).
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Replication of mitochondrial DNA occurs by strand displacement with
alternative light-strand origins, not via a strand-coupled mechanism
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