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ABSTRACT

Pathological conditions impairing functions of mito-
chondria often lead to compensatory upregulation of
the mitochondrial DNA (mtDNA) replisome machin-
ery, and the replicative DNA helicase appears to be a
key factor in regulating mtDNA copy number. More-
over, mtDNA helicase mutations have been associ-
ated with structural rearrangements of the mitochon-
drial genome. To evaluate the effects of elevated lev-
els of the mtDNA helicase on the integrity and replica-
tion of the mitochondrial genome, we overexpressed
the helicase in Drosophila melanogaster Schneider
cells and analyzed the mtDNA by two-dimensional
neutral agarose gel electrophoresis and electron mi-
croscopy. We found that elevation of mtDNA helicase
levels increases the quantity of replication interme-
diates and alleviates pausing at the replication slow
zones. Though we did not observe a concomitant
alteration in mtDNA copy number, we observed dele-
tions specific to the segment of repeated elements in
the immediate vicinity of the origin of replication, and
an accumulation of species characteristic of replica-
tion fork stalling. We also found elevated levels of
RNA that are retained in the replication intermedi-
ates. Together, our results suggest that upregulation
of mtDNA helicase promotes the process of mtDNA
replication but also results in genome destabiliza-
tion.

INTRODUCTION

Replication of the mitochondrial genome is required for ef-
�cient performance of the organelle. Mitochondrial de�-
ciencies, particularly those related toATP production, often
trigger compensatory upregulation of mitochondrial DNA
(mtDNA) replication (1,2). An increase in mtDNA copy
number has been reported in cases of OXPHOS limitation
that result from the A3243Gmutation in the tRNALeu(UUR)

gene of the human mitochondrial genome (1,3,4) and in-
hibition of OXPHOS complex I with rotenone and com-
plex III with antimycin A in human cultured cells results
in an �2-fold increase in mtDNA level (5,6). A compen-
satory increase in mtDNA content has also been docu-
mented in muscle biopsies of Kearns-Sayre syndrome pa-
tients (7), cases of OXPHOS de�ciency-related autism (8,9),
and renal chromophobe carcinoma and oncocytoma asso-
ciated with mutations in mtDNA (10�13).
Replication of mtDNA requires two key mitochondrial

enzymes: DNA polymerase � (Pol � ) and mtDNA he-
licase (14,15). Whereas upregulation of mtDNA replica-
tion requires suf�cient levels of these factors, overexpres-
sion of the catalytic subunit of Pol � in cultured human
and Drosophila cells does not alter mtDNA copy number
(16,17), and causes mtDNA depletion in transgenic �ies
(17). It has also been demonstrated that Pol � is present at
normal levels in cells lacking mtDNA, which suggests that
expression of Pol � is not responsive to variations in cel-
lular mtDNA abundance (18). mtDNA helicase has been
demonstrated to affect directly mtDNA abundance, and
may be a major regulator of mtDNA copy number. El-
evated expression in mouse heart and skeletal muscle in-
creases mtDNA copy number up to 3-fold (19), concomi-
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tant with changes in mtDNA replication that manifest by
generation of recombination-like mtDNA species, creating
four-way junctions (20). Moreover, conditional knockout
of mtDNA helicase in mouse heart and skeletal muscle re-
sults in severe and rapid mtDNA depletion (21). Studies on
pathological alterations in mtDNA helicase have demon-
strated a direct relationship with variations inmtDNA copy
number in Drosophila Schneider cells and in �y develop-
ment and physiology (22,23), andwith structural rearrange-
ments of mtDNA in human cultured cells (24).
Relevant to compensatory upregulation of mtDNA repli-

cation, overexpression of mtDNA helicase in certain patho-
logical conditions has been reported to be bene�cial. For
example, an elevated level of mtDNA helicase appears to
stabilize and protect mtDNA from oxidative damage in-
duced by superoxide dismutase knockout in mouse car-
diomyocytes (25), and to ameliorate cardiac �brosis asso-
ciated heart failure in a mouse model (26,27). These studies
suggest that upregulation of replication induced by helicase
overexpression may provide opportunities for treatment of
mitochondrial de�ciencies, warranting detailed evaluation
of the effects of elevated levels of mtDNA helicase.
To study the effects of elevated levels of mtDNA he-

licase on the mitochondrial replication process in depth,
we employed a combined approach of two-dimensional
native agarose gel electrophoresis (2DAGE) and electron
microscopy (EM) to examine replication intermediates in
Drosophila melanogaster Schneider (S2) cells. We demon-
strate that elevated helicase increases the abundance of
replication intermediates. At the same time, the integrity of
the mitochondrial genome is destabilized. We observed for
the �rst time that excessmtDNAhelicase generatesmtDNA
catenanes and speci�c deletions within the non-coding re-
gion of mtDNA in Drosophila.

MATERIALS AND METHODS

Preparation and induction of Drosophila cell lines

Drosophila Schneider S2 cells overexpressing mtDNA he-
licase were prepared as described previously (28). In this
study, cells were treated with 0.4 mM CuSO4 only, to in-
duce expression from the metallothionein promoter, and
harvested on the fourth day after induction. Control S2
cells were cultured and treated in parallel with the helicase-
overexpressing cells in all protocols. Cell pellets were frozen
in liquid nitrogen and stored in �80�C prior to use.

Preparation of mitochondrial nucleic acids, enzymatic treat-
ment, and agarose gel electrophoresis

Mitochondrial nucleic acids (mtNA) were obtained from
sucrose gradient-puri�ed mitochondria isolated from
Drosophila Schneider S2 cells as described previously (29).
Individual mtNA samples were isolated from pellets of �2
× 109 cells. Treatment of mtNA samples with restriction
endonucleases ClaI and HindIII (Thermo Scienti�c) was
performed for 4 h at 37�C using 4 units of enzyme/�g
of mtNA in the manufacturer�s recommended buffers
(see also (29,30)). The RusA resolvase (kind gift of Dr
Robert Lloyd, University of Nottingham) treatment of the
HindIII-cleaved mtNA was performed on 10 �g samples in

a reaction containing 0.5 �Menzyme, 25 mMTris�HCl pH
8.0, 1 mM DTT, 0.1 mM acetylated BSA, 10% glycerol, 10
mM MgCl2, for 30 min at 37�C (see also (30)). Treatment
with RNase A (Thermo Scienti�c) for 2DAGE and EM
analyses was performed with 1 unit of enzyme per �g of
mtNA in 10 mM Tris�HCl pH 8.0, 1 mM EDTA buffer for
2 h at 37�C. Treatment with RNase H1 (Thermo Scienti�c)
was performed at 1 unit of enzyme per 1 �g of mtNA,
for 30 min at 37�C in manufacturer�s recommended buffer
(see also (30)). In the treatment of mtNA samples with
RNases A and H1 for 2DAGE, samples were �rst treated
with RNase A, and RNase H1 was then added with the
appropriate buffer for the �nal 30 min. After treatment,
proteins were removed from mtNA samples by further
digestion with Proteinase K (Thermo Scienti�c), which was
added to reactions at a concentration of 0.5 �g per �l for
30 min at 37�C, followed by phenol�chloroform extraction
and precipitation with ethanol. One-dimensional agarose
gel electrophoresis was carried out by standard methods in
0.7% (Figure 3A, C andD) or 1% (Figures 3B, 4B and 6A)
gels. ImageJ software was utilized for densitometric mea-
surements. Two-dimensional agarose gel electrophoresis
(2DAGE) was performed as described previously (29,30).

Southern blot hybridization

Agarose gels were blotted, and radiolabeled probes were
hybridized as described previously (29). The origin probe
was generated by PCR using 100 ng of a gel-puri�ed
PCR product spanning nt 17061�17602 that was gen-
erated from Drosophila mtDNA as a template, using
the primers stated below. The reaction mix contained
Dream Taq polymerase and the manufacturer�s recom-
mended buffer, 0.8 �M [�-32P]-dTTP (Perkin-Elmer, 3000
Ci/mmol), 0.2 mM each of dATP, dCTP and dGTP, and
10 pmol per reaction of 5�-TAAATTTATTCCCCCTATT
C-3� and 5�-CATGATTTTATTATATAAATATTTTTT
ATAAAAATAATAC-3� oligonucleotides as forward and
reverse primers, respectively. Both for template and probe
synthesis, PCR conditions were as follows: initial denatura-
tion at 95�C for 4min, followed by 35 cycles of 95�C for 30 s,
50�C for 30 s, 72�C for 1min, with �nal extension at 72�C for
5 min. Probes were puri�ed by gel �ltration on SephadexG-
50 spin columns (Roche). Radiolabeled probe 6 hybridizes
to nt 6801�7378, and was generated as described previously
(30).

Electron microscopy

Samples of puri�ed mtDNA in 0.25 M ammonium acetate
pH 7.5, isolated from control and helicase overexpressing
Schneider cells, were spread on a �lm of denatured cy-
tochrome C protein formed on an air-buffer interface and
picked up with parlodion-coated copper grids followed by
dehydration and rotary metal shadow casting with 80%
platinum�20% palladium as previously described (31,32).
At least 100 images for each study group were captured us-
ing a Gatan Orius CCD camera (Pleasanton, CA, USA)
attached to an FEI Tecnai T12 TEM/STEM instrument
(Hillsboro, OR, USA) operated at 40 kV. Contour lengths
of the DNAs were measured using Gatan Digital Micro-
graph software. Statistical analysis was performed using the
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non-parametric Mann�Whitney U-test and data are pre-
sented as mean values. P-value <0.05 was considered sta-
tistically signi�cant. The micrographs for publication were
adjusted for brightness and contrast using Adobe Photo-
shop and shown in reverse contrast.

Ampli�cation of the Repeat 1 segment of the A+T region of
mtDNA

The fragment of the mtDNA A+T region containing the
Repeat 1 region was ampli�ed using 100 ng of mtNA ob-
tained from the helicase overexpressing cells and Dream
Taq polymerase (Thermo Scienti�c), in a reaction mix con-
taining indicated buffer, 0.4 mM dNTPs, and 10 pmol
per reaction of primers spanning in wild-type mtDNA
nt 12841�17602: forward: 5�-AAACCAACCTGGCTTAC
ACC-3�, reverse: 5�-GATTTTATTATATAAATATTTTT
TATAAAAATAATAC-3�. PCR conditions were as fol-
lows: initial denaturation at 95�C for 5 min, followed by 35
cycles of 95�C for 90 s, 47�C for 90 s, 72�C for 3.5 min, with
�nal extension at 72�C for 10 min.

RESULTS

Elevated levels of mtDNA helicase alleviate pausing of the
replication fork and increase the abundance of replication in-
termediates

We established stable lines of D. melanogaster Schnei-
der cells expressing wild-type mtDNA helicase (28). Im-
munoblot analysis of whole cell extracts indicated 0.3 �g
of the recombinant mtDNA helicase per 106 overexpress-
ing cells after 4 days of induction (Materials and Meth-
ods), whereas the endogenous helicase was undetectable in
the control cells grown in parallel (data not shown). Based
on earlier studies, we estimate that this represents a 7�20-
fold increased expression relative to control cells (22,28).
In order to evaluate the effects of elevated mtDNA he-
licase levels on the mtDNA replication process, we ana-
lyzed replication intermediates (RIs) in samples of total

mitochondrial nucleic acid (mtNA) obtained from sucrose
gradient-puri�ed mitochondria of the control and mtDNA
helicase-overexpressing cells, by 2DAGE as described pre-
viously (Materials and Methods, (29,30)). First, we cleaved
the samples with ClaI restriction endonuclease (Figure 1A),
and probed the resulting fragment bearing the previously-
identi�ed replication pause site that de�nes replication slow
zone 2 (sz2) (29) (i.e. using probe 6 (30)). Notably, we ob-
served that the signal from this prominent replication pause
site is depleted strongly in samples from cells overexpressing
the helicase (Figure 1B), indicating thatmtDNAhelicase al-
leviates pausing of the replication machinery. Furthermore,
we observed an increase in the intensity of the RI signal in
the mtDNA helicase-overexpressing samples; we detected a
�1.6-fold increase in the signal of Y-shaped structures gen-
erated by duplex replication forks (Y arc), and a >4.5-fold
increase in the signal of cruciform structures (X arc, Figure
1C). The increase in cruciform structuresmay relate to repli-
cation, repair and/ or recombination events. We reported
previously that overexpression of mtDNA helicase in D.
melanogaster Schneider cells increases mtDNA copy num-
ber�1.2-fold (28).We evaluated this in the current study us-
ing qPCR on total cellular DNA extracts, but observed no
signi�cant changes in the mtDNA copy number in helicase-
overexpressing cells as compared to the control cells (data
not shown). This discrepancy likely results from the fact
that mtDNA helicase overexpression was induced for 14
days in the previous study as compared to four days in this
study. Similarly, studies on human cell lines overexpress-
ing mtDNA helicase for three days also showed unaltered
mtDNA copy number (33,34). The substantial increase in
the signal of RIs in the absence of mtDNA copy number
changes suggests that overexpression of mtDNA helicase
promotes increased initiation without complete replication
of mtDNA molecules. This possibility is explored in more
detail in later sections.

Figure 1. Analysis of mtDNA replication intermediates from Schneider S2 cells overexpressing mtDNA helicase. (A) Schematic map of D. melanogaster
mtDNA indicating the positions of hybridization probes as black, bold lines, replication slow zones sz1 and sz2 (29), and restriction endonuclease sites for
ClaI, HindIII and SacI. Open arrow indicates the direction of replication. (B) 2DAGE of ClaI-treated mtNA isolated from control S2 cells (left panel) or
mtDNA helicase-overexpressing S2 cells (right panel) hybridized with probe 6 (see Materials and Methods for details). Arrows indicate discrete spots on
standard Y arcs that represent the major replication pause site at sz2 (see (30)). (C) ImageJ quanti�ed mean hybridization intensity (–SD) of the X and
Y arcs derived from the ClaI C restriction fragment of mtDNA from mtDNA helicase-overexpressing cells, relative to that from control DNA. Intensity
values were normalized relative to the signal intensity of unreplicated DNA (major signal at the bottom right corner) as an internal standard. Data were
quanti�ed from 2DAGE images from three independent samples.
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Figure 2. Electron microscopy of mtDNA replication intermediates isolated from control and mtDNA helicase-overexpressing Schneider S2 cells. (A)
Representative electron microscopic images of circular (full-length (�6 �m), left panel) and theta replication intermediate (right panel, indicated by the
white arrow) mtDNA molecules obtained from control S2 cells. Scale bars 200 nm. (B) Representative electron microscopic images of circular (left panel;
full-length (�6 �m, upper molecule) and deleted (�5 �m, lower molecule)) and theta replication intermediate (right panel, indicated by the white arrow;
deleted, (�5.6 �m)) mtDNA molecules obtained from mtDNA helicase-overexpressing S2 cells. Scale bars 200 nm. (C) EM quanti�cation of mtDNA
theta replication intermediates obtained from control and helicase-overexpressing S2 cells expressed as percentage of total monomeric mtDNA circles.
The analysis was performed in three independent experiments with duplicate samples in each group. 3730 and 459 molecules were scored in control and
helicase-overexpressing mtDNA samples, respectively. Statistical analysis was performed using the non-parametric Mann�Whitney U-Test and the data
are presented as mean values. A P-value <0.05 was considered statistically signi�cant.

Electron microscopy identi�es circular molecules bearing
deletions in mtDNA from helicase- overexpressing cells

We applied electron microscopy (EM) to examine the ef-
fects of elevated levels of mtDNA helicase using a com-
plementary method. We utilized the same samples as for
2DAGE, but �rst removed RNA by RNaseA digestion to
reduce its interference in imaging (see Materials and Meth-
ods). As a control to test whether removal of free RNA af-
fects the RI pro�les, we analyzed these samples by 2DAGE,
but found no differences from those containing total mtNA
(see Figure 6D). In our EM analyses, we observed circular
molecules bearing theta replication intermediate structures
of various sizes (Figure 2A and B, right panels), comprising
�8% of total circular molecules in the control samples ver-
sus �18% in samples frommtDNA helicase-overexpressing
cells (Figure 2C). This increase of >2 fold in RIs is con-
sistent with that inferred from 2DAGE analyses (Figure
1B and C). Next, we measured the contour length of cir-
cular mtDNA molecules from the control and helicase-
overexpressing cell lines. Measuring the length of 336 con-
trol molecules, we observed a mean value of 6.1 �m (–0.3
�m), which appeared to fall within a single distribution
that is consistent with the theoretical size (19517 bp) of
theD. melanogastermitochondrial genome. In striking con-
trast, the distribution of the same number of molecules of
mtDNA from the helicase-overexpressing cells had a peak
at a smaller size (mean of 5.6 – 0.1 �m) together with a
clear tailing towards shorter species. Indeed, only 27 of the
336molecules examined fell within a secondary distribution
with a mean value of 6.1 �m, similar to the control group.
In contrast, 229 had a peak at a smaller size of 5.6 �m and
80 were distributed between 5 and 0.3 �m (Figure 2B). The
latter could result from large deletions, albeit their relative
abundancemust be too low to detect either by ethidiumbro-
mide staining or Southern blotting with a probe containing
the coding region sequence (see below).
The difference in themean sizes of the two peaks (0.5�m)

corresponds to a deletion of approximately 1600 bp in the
helicase-overexpressing line. Importantly, we observed that

circular molecules putatively bearing such deletions do con-
tain replication bubbles (Figure 2B, right panel). This ob-
servation implies the retention of the replication origin in
the larger classes of deleted molecules, as indicated by the
Southern blotting analysis described below. Taken together,
the EM observations indicate that mtDNA molecules car-
rying deletions can remain circular and undergo replication.

Elevated levels of mtDNA helicase promote rearrangement of
the A+T region

To examine further the effect of elevated levels of mtDNA
helicase on the organization of the mtDNA, we treated
mtNA samples with restriction endonuclease HindIII (Fig-
ure 1A). As described previously, the HindIII fragment B
(HindIII B) encompasses the entire A+T region that con-
tains the origin of replication (35). We observed that the
HindIII B fragment of mtDNA obtained from the helicase-
overexpressing cells migrates faster than that from the con-
trol cells cultured in parallel, whereas no change in the sizes
of the A or C fragments was apparent (Figure 3A). Notably,
despite the fact that equivalent amounts of totalmtNA sam-
ples were analyzed, mtDNA in the samples from helicase-
overexpressing cells was underrepresented (�2.5 fold less),
whereas there was a substantial increase in the quantity of
heterogeneous material migrating with apparent molecu-
lar weight of �1 kb (Figure 3A). (That this material may
represent RNA is suggested by subsequent analyses using
RNases A and H1, see Figure 6D). To examine possible
small size differences in the HindIII A and C fragments,
we treated the HindIII-digested samples with SacI restric-
tion endonuclease. SacI cleaves within the HindIII A and C
fragments of mtDNA, but not the HindIII B fragment (Fig-
ure 1A). As for the HindIII digestion alone, SacI�HindIII
digestion of the helicase-overexpressing sample showed no
apparent differences as compared to the digestion pattern
of the control cell sample run in parallel (Figure 3B). In
addition, we analyzed the HindIII-cleaved mtNA samples
by Southern blotting using a probe speci�c to the HindIII
A fragment comprising a major portion of the coding re-
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