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ABSTRACT

The mechanism of mitochondrial DNA replication is
a subject of intense debate. One model proposes a
strand-asynchronous replication in which both
strands of the circular genome are replicated
semi-independently while the other model proposes
both a bidirectional coupled leading- and lagging-
strand synthesis mode and a unidirectional mode in
which the lagging-strand is initially laid-down as
RNA by an unknown mechanism (RITOLS mode).
Both the strand-asynchronous and RITOLS model
have in common a delayed synthesis of the DNA-
lagging strand. Mitochondrial DNA is replicated by a
limited set of proteins including DNA polymerase
gamma (POLG) and the helicase Twinkle. Here, we
report the effects of expression of various catalyti-
cally deficient mutants of POLG1 and Twinkle in
human cell culture. Both groups of mutants reduced
mitochondrial DNA copy number by severe replica-
tion stalling. However, the analysis showed that
while induction of POLG1 mutants still displayed
delayed lagging-strand synthesis, Twinkle-induced
stalling resulted in maturated, essentially fully
double-stranded DNA intermediates. In the latter
case, limited inhibition of POLG with dideoxycyti-
dine restored the delay between leading- and
lagging-strand synthesis. The observed cause-
effect relationship suggests that Twinkle-induced
stalling increases lagging-strand initiation events
and/or maturation mimicking conventional strand-
coupled replication.

INTRODUCTION

Human mitochondrial DNA (mtDNA) is a closed circular
molecule of �16.5 kb and was sequenced 25 years ago
(1,2). The two strands of mtDNA are denoted as the
Heavy-(H)-strand and the Light-(L)-strand on the basis of
their mobility in a denaturing caesium chloride gradient.

The strand-asynchronous or strand-displacement
model for mammalian mitochondrial DNA replication
was first proposed in the early 70s (3). In this model,
synthesis of the nascent H-strand starts at a fixed point in
the major non-coding region (NCR) of mtDNA denoted
OH. OH was originally defined by mapping the 50 ends of
the so called D-loop and is located on the L-strand
upstream of three conserved sequence blocks. Leading-
strand (nascent H-strand) synthesis proceeds two-thirds of
the way around the molecule, displacing the parental
H-strand in the process with mitochondrial single-
stranded DNA-binding protein (mtSSB) suggested to
provide protection against the action of nucleases and
other insults such as reactive oxygen species. Following
exposure of the lagging-strand initiation site (OL) synthe-
sis of the nascent L-strand begins (4,5).

More recently, Holt and co-workers proposed two
models of mtDNA replication, one a more conventional
strand-synchronous theta mode (6–9) where mtDNA
replication initiates bidirectionally at various sites across
an initiation zone (OriZ). In this case termination occurs
at or near OH. The other mode of replication is similar to
the strand-asynchronous mode of replication so that the
nascent L-strand DNA was suggested also to be
synthesized with a considerable delay. Initiation is
essentially unidirectional and occurs in the NCR, impor-
tantly however RNA is deposited on the displaced
H-strand rather than mtSSB, thus forming ribonucleotide
incorporation throughout the lagging strand (RITOLS)
intermediates, which is a crucial difference from the
strand-asynchronous model (10). Although the high levels
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of mtSSB (11) could be seen as supporting the strand
displacement model, also for example Escherichia coli is
estimated to have several thousands of molecules of SSB
(12) even though it contains a single copy genome and
replicates via conventional theta replication. SSB is
nevertheless essential, as it would be in mammalian
mitochondria, not only at the replication fork but also
in repair, recombination and other DNA maintenance
processes. Given the various essential functions of SSB,
the high levels might simply reflect a cell’s precaution to
ensure it is readily available.

The RITOLS model requires that the RNA is replaced
by DNA to produce a dsDNA lagging-strand. It was
shown that the RITOLS replication intermediates (RIs)
are prone to RNaseH degradation during mtDNA
purification leaving a single-stranded parental H-strand
(7), thus producing RIs originally predicted by the strand-
asynchronous model. Strand-asynchronous RIs are there-
fore considered purification/degradation artefacts. In
rodent and chick liver and cultured human cells under
normal culture conditions RITOLS intermediates are the
predominant class (6,9,10). However, in cultured human
cells recovering from mtDNA depletion, the majority of
the replication intermediates are essentially double-
stranded DNA suggesting a switch from the RITOLS
replication mode to more conventional theta replication
(9). Alternatively, initiation of lagging-strand DNA
synthesis occurs more frequently resulting in an increased
rate of conversion of RITOLS RIs to dsDNA RIs.

All proteins responsible for mammalian mtDNA
maintenance are encoded in the nucleus, translated by
cytosolic ribosomes and imported into the mitochondrial
compartment. So far, a limited number of proteins has
been identified. These include the mitochondrial DNA
polymerase gamma (POLG1) and its accessory subunit
(POLG2) [see, e.g. (13)], the mitochondrial DNA helicase
Twinkle (14,15), mitochondrial single-stranded DNA-
binding protein (mtSSB) (16) and various proteins with
a more general role in mtDNA maintenance. The POLG
holoenzyme, Twinkle and mtSSB can form a minimal
mitochondrial replisome capable of genome length DNA
synthesis on an artificial template (17). Some of the
components of the mitochondrial replisome and transcrip-
tion machinery show similarity to their counterparts in
T-odd bacteriophages suggesting that a T-odd phage
ancestor contributed to the early ‘mitochondrial’ endo-
symbiosis event (18). For example, Twinkle shows striking
similarity to the T7 phage primase/helicase protein gp4
(T7 gp4) (14). The Metazoan primase domain of Twinkle
has diverged from the ones of more primitive Eukaryotes
and T-odd phages suggesting it has lost its primase
function (19).

The genes for Twinkle, POLG1 and more recently
POLG2 (20) have been implicated in human diseases.
Autosomal dominant (ad) mutations in Twinkle are
associated with Progressive External Ophthalmoplegia
(adPEO)(14), while a single recessive mutation is asso-
ciated with infantile onset spinocerebellar ataxia or
IOSCA (21). Mutations in POLG1 are associated with a
variety of disorders, including dominant and recessive
PEO, various types of ataxia, Parkinsonism and the severe

mtDNA depletion Alpers syndrome (see, e.g. (22)
and references therein, and http://dir-apps.niehs.nih.gov/
polg/).
The catalytic subunit of polymerase gamma, POLG1, is

well-characterized biochemically (see (13), bearing simi-
larity with prokaryotic A-type DNA polymerases such as
E. coli DNA polymerase I and T7 DNA polymerase.
Conserved regions include a C-terminal domain respon-
sible for polymerase activity and an N-terminal 30-50

exonuclease domain involved in proofreading. Several
disease associated POLG1 mutations have been studied
using purified recombinant enzyme. These include the
common autosomal dominant Y955C and other muta-
tions, which result in a moderate to severe decrease in
polymerase activity, reduced nucleotide selectivity or
reduced processivity (23).
In vivo, the properties of POLG1 have also been partly

characterized in yeast and in cultured human cells (24–27).
In both cases, expression of a mutant form of the protein
deficient in 30-50 exonuclease activity results in the
accumulation of mtDNA mutations. An exonuclease
deficient variant in mouse also results in a mutator
phenotype and shows a whole-organism phenotype of
reduced lifespan with a variety of tissue specific ageing
associated defects (28,29). Expression of an adPEO
associated Twinkle mutation in transgenic mice has
shown a late onset phenotype with striking similarities
to late onset PEO (30).
Although there is a need for further biochemical

characterization of POLG1 and Twinkle mutants, and
animal models can provide a wealth of information on
disease aetiology and pathogenesis, both approaches have
their limitations. We therefore chose an alternative
approach of inducible expression of wild-type and
mutant POLG1 and Twinkle in cultured human cells,
allowing us to study protein function and mtDNA
replication dynamics in vivo. Using this inducible system
in combination with two-dimensional neutral/neutral
agarose gel-electrophoresis (2DNAGE), we show here
that the induced expression of either Twinkle or POLG1
mutants results in distinct replication stalling phenotypes
suggesting defined roles for both proteins in mtDNA
replication and in particular the frequency of initiation of
lagging-strand maturation/synthesis.

MATERIALS AND METHODS

Cloning of expression constructs

The full-length cDNA of POLG1 and Twinkle variants
were originally cloned in the pcDNA3.1(�)/Myc-His A
(Invitrogen, Carlsbad, CA, USA), as previously described
(14,27). All constructs were re-cloned in the pcDNA5/
FrT/TO vector (Invitrogen) taking advantage of two PmeI
restriction sites flanking the multiple cloning sites of the
original pcDNA3 vectors and target vector. The resulting
fusion proteins contained the sequence of the respective
proteins followed by the Myc-His. All resulting plasmid-
constructs were confirmed by DNA sequencing.
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Creation and maintenance of stable transfected inducible cell
lines

The Flp-InTM T-RExTM 293 host cell-line (Invitrogen), a
HEK293 variant containing a Flip recombination site at a
transcriptionally active locus, was grown in DMEM
medium (Cambrex Bioscience, Walkersville, MD, USA)
with 2 mM L-glutamine (Cambrex Bioscience), 10% FCS
(Euroclone, Milan, Italy) and 50 mg/ml uridine (Sigma,
St. Louis, MO, USA) supplemented with 100 mg/ml
Zeocin (Invivogen) and 15 mg/ml Blasticidin (Invivogen)
in a 378C incubator at 8.5% CO2. Two-day prior to
transfection cells were split to 10 cm plates and grown to
�80% confluence in medium lacking antibiotics. Cells
were co-transfected with TransFectin (Bio-Rad, Hercules,
CA, USA) according the manufacturer’s protocol with the
appropriate pcDNA5/FrT/TO construct (0.4 mg) and
pOG44 (Invitrogen; 3.6 mg), a plasmid encoding the Flp-
recombinase necessary for targeted stable integration. Six
hour later, transfection medium was replaced with regular
fresh medium lacking antibiotics. Twenty-four hour after
transfection the selective antibiotics Hygromycin (150mg/
ml) (Invivogen) and Blasticidin (15 mg/ml) were added.
Selective medium was replaced every 2 days for cell
maintenance. All inducible cell lines were created accord-
ing this method. To induce expression the indicated
amount of doxycycline (Sigma) was added to the growth
medium, and cells were processed for further analyses.
With longer than 2 days induction medium was refreshed
every 2 days.

Western blot analysis

Cell lysates were prepared and analyzed for protein
expression by immunoblotting after SDS-PAGE (27).
A primary monoclonal c-myc (Roche Molecular
Biochemicals, Nutley, NJ, USA) antibody was used for
detection of recombinant proteins. Peroxidase-coupled
secondary antibody horse-anti-mouse was obtained from
Vector Laboratories, Burlingame, KS, USA. Enhanced
Chemiluminescence detection was done essentially as
described (27).

Quantitative PCR

The copy number of mitochondrial DNA per cell was
determined by real time PCR of cytochrome b using the
gene for amyloid precursor protein APP as a nuclear
standard as described (31). Briefly, crude nucleic acid
extracts were obtained from cells by lysis, proteinase
K digest and subsequent isopropanol precipitation, and
copy numbers of cytochrome b and APP were determined
in a duplex Taqman PCR on an Abiprism 7000 (Applied
Biosciences, Foster City, CA, USA) using pCR 2.1-TOPO
(Invitrogen) vectors containing the cytochrome b and APP
amplicon as standards.

Immunocytochemistry

Immunofluorescent detection was done essentially as
described previously (32). For the detection of mtDNA
we used a monoclonal anti-DNA antibody AC-30-10
(PROGEN, Shingle Springs, CA, USA) as described

previously (33). Secondary antibodies were anti-mouse
IgG-Alexa Fluor�488 (Invitrogen; Myc) and anti-mouse
IgM-Alexa Fluor�568 (DNA). Image acquisition using
confocal microscopy was done as described (32).

Protein isolation and helicase assays

In vitro assays for determination of helicase activities were
performed with highly enriched Twinkle preparations
derived from 293 Flp-InTM T-RExTM cells. The cells were
induced with 50 ng/ml doxycycline (Sigma) for 2 days,
harvested and mitochondria isolated by hypotonic lysis
and differential centrifugation (32). The mitochondrial
pellet obtained was lysed in high salt buffer (50mM
KH2PO4 pH 7.0, 1M NaCl, 1% Triton X-100,
1� complete Protease inhibitors EDTA-free, Roche) and
sonicated on ice (Sonics Vibra-cell, 1min 40% amplitude,
1 s pulses with 2 s break). The insoluble DNA fraction was
pelleted for 10min at 12 000 g and 48C. Supernatant was
incubated with Talon metal-affinity resin (Clontech, Palo
Alto, CA, USA) for 1–2 h at 48C to allow binding of His-
tagged proteins. Resin was washed twice with high salt
buffer and twice with low salt buffer (25mM Tris–HCl pH
7.6, 40mM NaCl, 4.5mM MgCl2, 10% glycerol, 100mM
L-Arginine) containing 20mM Imidazole. Elution was
carried out with low salt buffer containing 500mM
Imidazole. The supernatant of this step was shock-
frozen in liquid nitrogen and stored at �808C.

As standard substrate for helicase assays a radioactively
end-labeled 60 nt oligonucleotide hybridized to M13
ssDNA was used (50ACATGATAAGATACATGGATG
AGTTTGGACAAACCACAACGTAAAACGACGGCC
AGTGCC 30), forming a 20 nt double-stranded stretch
with a 40 nts 50 overhang.

The assay was performed by incubating 1 ng Twinkle
protein in 40 ml helicase buffer (25mM Tris pH 7.6, 40mM
NaCl, 4.5mM MgCl2, 100mM L-Arginine-HCl pH 7.6,
10% glycerol, 3mM UTP, 1mM DTT, 5 mM unspecific
oligonucleotide) with 2 amol substrate for 30min at 378C.
The reaction was stopped by adding 10 ml loading buffer
(90mM EDTA, 6% SDS, 30% glycerol, 0.25% bromo-
phenol blue). Twenty microliter reaction mixes were
separated on a 15% acrylamide gel in 1�TBE, dried on
a vacuum gel drier and exposed to X-ray film or quantified
by phosphoimager.

Mutation sequencing

Point mutation levels in the NCR and cytochrome b region
of mtDNA of POLG1 cell lines were measured as
previously described (34).

Brewer-Fangman2Dneutral/neutralAgarose electrophoresis

Mitochondrial nucleic acids were extracted using cytocha-
lasine (Sigma-Aldrich) as described (9). Purified mtDNA
was digested with HincII and where mentioned further
treated with RNase H or S1 nuclease (Fermentas,
Hanover, MD, USA) with the indicated amounts and
time. The fragments were separated by 2DNAGE as
described (35,36) and the gels were blotted and hybridized
with a 32P-labeled DNA probe for human mtDNA nts
14 846–15 357 (9).
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RESULTS

Establishing stable inducible cell lines expressing mtDNA
replication factors

In order to study the mtDNA maintenance machinery in
cultured human cells, inducible cell lines expressing wild-
type and mutant variants of Twinkle, the Twinkle splice
variant Twinky (14) or POLG1 were established using
HEK293 Flp-InTM T-RExTM cells (see Table 1 for a list of
all variants). Twinkle mutants included a lysine mutation
(K421A) in the highly conserved Walker A motif
implicated in ATP binding and hydrolysis; a mutation
(G575D) in helicase motif H4 and implicated in DNA
binding (37); a deletion of 31 amino acids (i346–376) of
the region that shows similarity with the T7 gp4 linker
region that has been implicated in multimer formation
[see e.g. (38)]; a large deletion (i70–343) in the region
of the protein that shows similarity with the T7 gp4
primase domain (19). POLG1 mutants included two
polymerase deficient mutants (D890N and D1135A),
one exonuclease deficient mutant D198A and a non-
deleterious deletion mutant (�CAG) of 10 consecutive
glutamines in the N-terminus, all as previously
described (27). All cell lines and 499% of all cells
expressed the recombinant proteins upon doxycycline
(DC) induction and expressed proteins were all targeted
to the mitochondrial compartment (Figure 3 and
not shown).

Since DC is a mitochondrial protein synthesis inhibitor
at mg/ml concentrations, we first determined the lowest
possible levels of DC to achieve full induction. Figure 1A
shows an increase of protein expression of wild-type
(wt) Twinkle in cells with increasing DC concentrations
(0–1000 ng/ml.) Both after one or three days, maximum
induction levels were reached at low ng/ml concentrations,
but at slightly lower concentrations after three days
induction.

Figure 1B shows the expression of all proteins used in
this study confirmed by immunoblotting, following 72 h of
treatment with 0, 3 and 10 or 20 ng/ml DC. All proteins
were detected using their respective epitope tag and
gave bands of the expected size (Table 1) upon
induction. In the absence of DC we could detect leaky
expression of most Twinkle variants, but only when
films were overexposed considerably (not shown).

However, immunofluorescence in the absence of DC
induction did not result in any mitochondrial signal
above background fluorescence suggesting the expression
levels were very low (see also below and Figure 3A). Some
of the analyzed Twinkle variants, such as Twinky, showed
reproducibly lower protein levels with full induction of
expression, indicating differences in protein (or mRNA)
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Figure 1. Expression of mtDNA maintenance proteins in HEK293
Flp-InTM T-RExTM cells. (A) Twinkle wild-type (wt) expressing cells
were induced with various concentrations of doxycycline (DC) and
analyzed by western blot analysis after 1 or 3 days of induction.
Maximum expression levels were reached within the low ng/ml range.
Similar results were obtained for all other cell lines. (B) Expression of
all proteins used in this study was confirmed by western blot analysis
comparing no induction with 3 ng/ml DC and full (10 or 20 ng/ml DC)
induction for 3 days. Note that full induction with the POLG1 cell lines
was chosen as 20 ng/ml, only in order to make sure maximum
expression was reached as expression of POLG1 was generally much
weaker when compared with the expression of Twinkle variants.
(C) POLG1 wild type (wt) and POLG1 D198A expressing cells were
grown for 2 months either without (�) or with (þ) 3 ng/ml DC.
MtDNA mutation levels were determined for part of the cytochrome
b gene (cyt b) and part of the non-coding control region using a
PCR-based approach (see Materials and Methods section). Results
show that the D198A accumulated �5–10-fold increased level of
mutations compared to non-induced D198A and induced POLG1wt.
The mutation pattern was similar as reported earlier for this POLG1
variant (27).

Table 1. Expressed proteins with their predicted sizes

Variant Size (kDa)

Twinklea wt 74
K421A, G575D
Twinklea iAA346–376 (i346–376) 71
Twinkya 64
Twinklea iAA70–343 (i70–343) 41
POLG1 wt 142
D198A, D890N, D1135A
POLG1 iCAG 141

All expressed proteins had the MycHis epitope tag and this tag was
included in the calculation of size in kiloDaltons (kDa).
aSize based on predicted processing at AA42.
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stability of these variants. Similarly, the POLG1 D1135A
mutant showed lower expression levels than the
other POLG1 variants, suggesting that the mutant protein
is less stable.
As a final test for the inducible expression system, we

created a cell-line expressing a POLG1 variant (D198A) in
which exonuclease activity is abolished. We have shown
previously that constitutive expression of D198A in
cultured human cells results in the accumulation of point
mutations in mtDNA (27). To validate the obtained
inducible cell-line we determined the point mutation levels
in two regions of mtDNA (Figure 1C). After 60 days of
induction, both the cytochrome b and control region
showed elevated mutation levels in the D198A cell-line
while non-induced D198A cells showed low mutation
levels similar to cells expressing POLG1wt.

Expression of several Twinkle and POLG1mutants results in
mtDNA copy-number depletion

The relative mtDNA copy number in the various inducible
cell lines was compared by quantitative real-time PCR
(QPCR) using the nuclear amyloid precursor protein
(APP) gene as a standard (31) (Figure 2). The absolute
copy number determined by us for the HEK293 Flp-InTM

T-RExTM and the majority of non-induced transgenic cells
was �3000 copies/cell (2798� 450 (n¼ 4) for the non-
induced parental cell line). Induced overexpression of

POLG1wt or Twinkle wt did not significantly change
mtDNA copy number per cell, indicating that abundance
of these proteins is not rate-determining for mtDNA
replication at least in cell culture. More importantly it also
showed that overexpression per se did not otherwise
interfere with mtDNA replication. Similarly, overexpres-
sion of Twinky, Twinkle �346–376, POLG1-D198A and
POLG1-�CAG did not influence steady-state mtDNA
levels. In contrast even low-level expression of Twinkle
mutants K421A or G575D and POLG1 mutants D890N
or D1135A lead to a dramatic decrease of mtDNA levels
within a few days. The Twinkle K421A and G575D cell
lines showed a significant steady-state reduction in
mtDNA copy number of �60% even prior to induction,
presumably caused by the slightly leaky expression of the
Twinkle variants. This suggests these mutants are strongly
dominant in nature. In contrast, the POLG1 D890N and
D1135A mutants did not show a significant copy-number
reduction without induction (not shown).
Notwithstanding the minor leakiness, depletion upon
induction was dose-dependent, as higher expression
levels lead to a faster depletion than low-level expression
(data not shown). For the Twinkle K421A and G575D as
well as the POLG1 D890N and D1135A mutants,
the mtDNA levels after three days of full DC induction
were �20–30% compared to non-induced cells, indicating
a complete abolishment of successful replication and
dilution of mtDNA by cell division.
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Figure 2. POLG1 and Twinkle mutants can cause mitochondrial DNA copy-number depletion. MtDNA copy number was determined using duplex
Taqman PCR. Shown are the copy numbers for each cell line relative to their copy number in non-induced cells following either 3 ng/ml or full
induction (10 ng/ml for Twinkle variants; 20 ng/ml for POLG1 variants). Note that although Twinkle K421A and G575D cell lines had a reduced
steady-state copy number in non-induced cells, induction resulted in a further strong drop in copy number (see also main text). The same general
trends as observed here were obtained by Southern analysis (not shown). Copy number decline was highly significant in Twinkle K421A, G575D and
i70–343 lines as well as in the POLG1 D890N and D1135A mutant lines.
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Several Twinkle mutants show altered nucleoid localization

The localization of Twinkle variants was analyzed by
immunofluorescence using the myc-tag of the recombinant
proteins (Figure 3A). Overexpressed Twinkle wt showed
the typical punctuated pattern within mitochondria,
indicating the normal localization in mtDNA nucleoids.
Twinky and i346–376 both showed diffuse mitochon-
drial staining. The N-terminal deletion variant i70–343
showed almost normal punctuate nucleoid-like localiza-
tion. The variant G575D could be detected in punctate
foci, but in addition showed enhanced diffuse staining in
mitochondria. The K421A variant having a mutation in
the WalkerA motif was detected in few enlarged spots,
indicating either abnormal nucleoid segregation or protein
aggregation. To differentiate between these possibilities we
used an anti-DNA antibody to see to what extent this
and other Twinkle mutants co-localized with mtDNA.
As previously shown (32), Twinkle wt showed excellent
co-localization with DNA as did i70–343 (not shown).

The K421A variant, despite its abnormal appearance of
enlarged foci, did co-localize with mtDNA (Figure 3B).
The number of DNA foci, however, was severely reduced
compared to non-expressing or Twinkle wt expressing
cells. For Twinkle G575D, the number of nucleoids was
again severely reduced (Figure 3B) but most of the
protein-foci co-localized with mtDNA. Both Twinky and
the i346–376 variant showed normal nucleoid numbers
judging from detection with the anti-DNA antibody.

Helicase activity of Twinkle mutants is reduced or absent

The helicase activity of Twinkle variants was compared
using His-affinity purified protein in an in vitro helicase
assay. Twinkle wt showed the expected helicase activity
and was able to unwind a DNA substrate with a
50 overhang of420 bases, as long as the double-stranded
part was less than 25 base pairs (Figure 4 and data not
shown). No such helicase activity could be detected with
i346–376 or Twinky. Similarly, proteins bearing the

B

Tw−DC Tw+DC G575D−DC G575D+DC

K421A+DC Twinky+DC

A

n

n

n

n

Figure 3. Subcellular localization of Twinkle variants. (A) Localization of all Twinkle variants was determined by immunocytochemistry.
Two examples compare the obtained signals without (�DC) induction with induction (þDC) at 3 ng/ml DC. For this comparison images were taken
with exactly the same settings for exposure, laser intensity, etc. Images were in addition processed for brightness and contrast in the same manner.
The nucleus in most images in Figure A is also faintly visible due to the inclusion of DAPI in the mounting medium. In the first panel (n) indicates
the nuclei. (B) Two examples of co-localization of mutant Twinkle variants visualized using anti-Myc tag antibody (�aMyc) with mtDNA using anti-
DNA antibody (�aDNA) are shown. Arrows indicate a selection of foci that co-localize but by now means show all co-localizing foci as most
protein foci did co-localize with more or less clear foci stained for mtDNA.
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mutation K421A in the Walker A motif or the G575D
mutation in the helicase motif H4 also had less than 5%
residual unwinding activity. i70–343 had �40% helicase
activity of the wild-type protein.

Twinkle and POLG1mutants show different replication
stalling phenotypes

The effect of overexpression of the various mutant
proteins on replication was studied using two-dimensional
neutral/neutral agarose gel electrophoresis (2DNAGE)
and Southern blotting, as first established by Brewer and
Fangman (36,39). This method allows visualization of
RIs, as DNA fragments are separated both by size
and shape.
When applied to the analysis of mtDNA isolated from

cultured cells, Holt and co-workers showed that various
types of RIs can be detected [see e.g. (9)]. Figure 5 shows a
schematic figure of human mtDNA, indicating the
appropriate restriction fragments and probes used for
detection of these fragments on 2DNAGE gel blots.
The first 2 panels of Figure 6A show the example of a
HincII digest of purified HEK293 mtDNA run on a
2DNAGE gel and probed for the 3.9 kb mtDNA fragment
(nucleotide number [nt] 13 636–1006) that includes the
whole NCR (for a detailed explanation of the various RIs

see Supplementary Data). All the analyses shown in the
subsequent figures consider this HincII fragment. Analysis
of a second region of the genome was also performed
(Supplementary Figure 1).

We applied the 2DNAGE methodology to analyze
the effects of overexpression of POLG1 and Twinkle
variants on mtDNA RIs and in particular to test the
hypothesis that the variants depleting mtDNA do so by
causing non-site specific, general replication stalling or
pausing. First we examined the effect of overexpression of
wild-type Twinkle by comparing mtDNA RIs with and
without induction (Figure 6A, right two panels). Very
little change in quality or quantity of RIs was observed,
with the exception of a presumed resolution intermediate
which markedly decreased after induction with43 ng/ml
DC. Similar results were observed with induced expression
of untagged wild-type Twinkle (not shown). Increased
expression of i346–376 or Twinky showed no effect on
overall replication (Figure 6B) or RIs.

When overexpressing the Twinkle mutant K421A or
G575D, a considerable increase in y- and bubble RIs was
observed (Figure 6C). Since at the same time the total
amount of mtDNA decreased strongly, these results
indicate a severe, non-site specific, slowing down of
replication fork movement. In parallel there was a
concomitant decrease in RNA containing RIs, RITOLS
or partially single-stranded RIs. Thus, the bubble arc was
not only sharper and longer than normal (Figure 6C) but
was substantially resistant to RNase H treatment
(Supplementary Figure 2). In K421A and especially
G575D expressing cells the majority of mtDNA molecules
were found on the bubble arc, indicating stalling occurred
in the early phase of replication as replicating molecules
forming bubble arcs on 2DNAGE harbor initiation site(s)
in the fragment. The fraction of molecules in a replicative

*

*

A

+ 95°C  -  wt T
wink

le

K42
1A

G57
5D

Twink
y

0

20

40

60

80

100

R
el

at
iv

e 
ac

tiv
ity

 (
%

)

wt Twinkle K421A G575D Twinky

B

Figure 4. Helicase activities of purified Twinkle protein fractions.
(A) An example of a helicase activity assay using the various Twinkle
variants purified to near homogeneity. As indicated on the left-hand
site, the substrate consisted of M13 plasmid with an annealed 60-nt
50end-labeled oligo with a long (40 nt) single-stranded 50 overhang. (�)
indicates the purified substrate whereas the denatured substrate
(958C) indicates the released labeled product, which is also released
when a purified protein contains helicase activity. (B) This panel
shows the averaged results of six independent measurements,
using several independent protein preparations. Except for the
i70–343 mutant, which still had activity though significantly
(Student’s t-test) reduced, all other mutants had essentially lost all
helicase activity.
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Figure 5. Digests and probes for human mtDNA. A schematic map of
human mtDNA is shown with the positions of the fragments detected
by 2DNAGE as in Figures 6–8 and Supplementary Figures 2 and 3
(HincII digests-fragment nt 13 636–1006 detected with a cytochrome b
probe (cyt b, nt 14 846–15 357)), Supplementary Figure 1 (BclI digest-
fragment nt 3658–7657 detected with an ND2 probe, nt 4480–4984) and
Supplementary Figure 5 (DraI digest-fragment nt 12 271–16 010 also
detected with the cyt b probe). Probes are indicated with names and a
thick gray line. The NCR is indicated with a thick black line. Please
note that for clarity only the restriction sites of both ends of the probed
fragments are shown here, even though all three enzymes cut at
multiple sites on human mtDNA.
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Figure 6. Some Twinkle mutants cause replication stalling. 2DNAGE samples for all panels consisted of purified mtDNA digested with HincII and
probed with a radiolabeled cytochrome b gene fragment (nt 14 846–15 357). The detected fragment includes the non-coding region of mtDNA also
including the cytochrome b, ND6, part of the ND5 gene and intervening tRNA genes (nt 13 636–1006). (A) The first two panels on the left show
the RIs of HEK293 cells and the interpretation based primarily on earlier 2DNAGE analysis of mtDNA RIs (7,9). Abbreviations: 1n, 3.9 kb
non-replicating HincII fragment. (b) bubble arcs. MtDNA bubble arcs are usually very sensitive to RNase H due to the presence of patches of
RNA–DNA especially on the lagging strand; these therefore also fall in the category of RITOLS as do various other RIs. Here, y and y0 indicate
ascending and descending parts of the y arc and (dy) indicates double-Y structures. These will eventually form resolution intermediates resembling
Holliday junctions (HJL-Holliday junction like molecules). The two panels on the right show a comparison of RIs of non-induced and fully induced
cells expressing Twinkle wt. The only notable difference in this case is a reproducible reduction in one of the HJL RIs as indicated. (B) A normal
pattern of RIs similar to non-expressing cells was observed in cells expressing Twinky or the iLinker variant. (C) K421A, G575D and i70–343
show similar patterns of replication stalling, with increased bubble (b) and descending Y-arc (y0) intensities, a sharpening and lengthening of the
bubble arc and loss of RITOLS (ovals). The right-most panel shows the same exposure 2D gel pattern of the non-induced i70–343 line showing the
typical HincII fragment pattern, including abundant RITOLS. (D) A limited S1 digestion illustrates that stalled RIs observed in panel C are S1
insensitive (right two panels). The effectiveness of the S1 treatment is illustrated by the left two panels, showing the effect on Twinkle non-induced
cells. Similar to the S1 treatment RNase H treatment shows that the stalling RIs observed with Twinkle mutants are largely insensitive to this enzyme
(Supplementary Figure 2), showing that the observed stalled RIs in panel C are essentially dsDNA. Although the intensities in subfigures A–D
cannot be directly compared due to differences in exposure time, each panel contains appropriate controls of similar exposure. For example,
the exposures of the left two panels in C have been chosen to be similar in comparison to the right-most panels to properly illustrate the severity of
the stalling phenotype.
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state was �30% in the 3.9 kb HincII fragment, compared
to55% in control cells. In contrast, the i70–343 mutant
showed a somewhat milder stalling phenotype
(Figure 6C), with the majority of RIs in the upper part
of the bubble arc and on the descending area of the y-arc
suggesting that replication is not aborted so frequently in
the very early stages as was the case for the K421A and
G575D mutants. Nevertheless, in this case also RITOLS
and single-stranded RIs were considerably reduced.
Finally, S1 nuclease treatment for various lengths of
time with a fixed amount of enzyme resulted only in very
minor changes in the abundance of the stalled RIs in
Twinkle stalling mutants (Figure 6D shows the treatment
of i70–343 isolated mtDNA). Only with the longest
treatment was there some reduction in the bubble arc
intensity with a slight concomitant increase in the
ascending part of the y-arc, suggesting some single-
strandedness in the bubbles resulting in broken bubbles
upon S1 nuclease treatment. This is not unexpected as
some single-strandedness is always expected close to the
junction point of the bubble structure of replication
intermediates. The i70–343 stalling in this case still
showed some RITOLS intermediates and these were
efficiently removed by the S1 treatment (compare regions
marked by arrows in the right two panels of Figure 6D).
Nevertheless, most RIs were insensitive to the S1 nuclease
showing that they are essentially dsDNA (this was further
supported by the analyses shown in Supplementary
Figures 5 and 6). In contrast, simultaneous S1 treatment
in samples with abundant RITOLS showed a strong
reduction in RITOLS RIs, illustrating the effectiveness of
the S1 treatment (compare regions marked by arrows in
the left two panels in Figure 6D).
Overexpression of POLG1wt (Figure 7A) and POLG1

iCAG (not shown) did not result in any obvious effect on
the RIs whereas even modest expression of the mutant
variants D890N and D1135A lead to a clear increase in
y- and bubble arcs, suggesting these POLG1 mutants also
caused replication stalling (Figure 7B). However, unlike
the stalling Twinkle variants, RITOLS and single-
stranded RIs persisted in the case of D890N and
D1135A POLG1 mutants (Figure 7B), even after full
induction of the mutant proteins for three days (not
shown).
The proofreading deficient D198A POLG1 showed little

change in the appearance of RIs. Three ng/ml DC slightly
enhanced both the Y- and bubble arc (Figure 7C). Only
after full induction did we observe a phenotype suggestive
of stalling, similar to but clearly less severe than that
observed with D890N and D1135A overexpression at low
induction levels.
Comparison of Twinkle induced replication stalling

with POLG induced replication stalling showed a
considerable quantitative difference in RITOLS and
single-stranded RIs (see also Supplementary Figures 3
and 5). We hypothesized (see also Discussion) that this
difference could be explained by involvement of POLG1 in
initiation of lagging-strand DNA synthesis or maturation.
In this scenario, expression of POLG1 mutants would not
only result in stalling of the leading-strand but also in
delayed lagging-strand DNA synthesis. To test whether

inhibition of POLG1 function could delay lagging-strand
DNA synthesis in cells overexpressing either Twinkle wt
or the stalling mutations i70–343, G575D and K421A,
cells were treated with the cytidine analogue dideoxycy-
tidine (ddC), a competitive inhibitor of POLG.
Incorporation instead of deoxycytidine can result in
chain termination. Surprisingly, already a short 3–4 h
treatment with a high dose of ddC (200mM) in cells
showing modest stalling due to Twinkle mutants like
G575D, resulted in the reappearance of considerable levels
of RITOLS, while accumulated y- and bubble-arc
RIs were as prominent as in untreated cells (Figure 8).
The appearance of RIs under the applied conditions was
highly similar to the appearance observed with POLG1
stalling (compare lower panels of Figure 8 with those in
Figure 7B). Due to the slightly leaky nature of the Flp-
InTM T-RExTM system, the strongest Twinkle stalling
mutants G575D and K421A already showed signs of
stalling without induction. In particular, the G575D
mutant had already lost most RITOLS in the absence of
DC. Treatment of these cells with ddC showed a similar
reappearance of RITOLS (Figure 8). The same regime of
ddC treatment did not result in obvious changes in RIs in
cells expressing Twinkle wt or in non-induced Twinkle
wt cells (not shown). Finally, ddC treatment of cells
showing a strong stalling phenotype caused by higher level
expression of Twinkle mutants did not result in a clear
increase in RITOLS (not shown), suggesting that replica-
tion was completely abolished under these conditions
(see Discussion section).

DISCUSSION

Because mtDNA encodes some of the central components
required for cellular energy metabolism, its maintenance is
essential for development and overall cell function. While
human and mouse mtDNA were sequenced 25 years ago,
for a long time the knowledge of the replication and repair
machinery was lacking. This made it very difficult to
test predictions of replication models for example
by reconstituting the various components needed for
replication or by manipulating the individual enzymes.

Using inducible overexpression of wild type or mutant
variants of Twinkle and POLG1 in cell culture, we show
here that replication stalling results in changed patterns of
RIs that can best be understood by considering the
proposed mechanisms of lagging-strand synthesis. Most
notably our results show that stalling induced by deficient
Twinkle results in RIs that mimic conventional strand-
coupled RIs and suggest that initiation of lagging-strand
DNA synthesis or maturation occurs at multiple sites
across the genome. We furthermore propose that this
maturation involves POLG1.

Catalytically deficient POLG1 and Twinkle mutants

In this study we have used the HEK293 Flp-InTM

T-RexTM inducible expression system to study mutants
of POLG1 and Twinkle expected to result in severe
catalytic defects of these enzymes.
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As the Flp-InTM T-RexTM system is a transgenic
system, endogenous copies of the genes under study are
still being expressed. Thus, in order to discuss here the
severity of the mutations studied and to better value
the use of the inducible Flp-InTM T-RexTM system we
tried to estimate relative levels of endogenous and
recombinant proteins. The results (presented in
Supplementary Figures 7 and 8) showed that at 3 ng/ml
DC following 2 days induction, POLG1 recombinant and
endogenous protein levels were comparable, suggesting
this regime recreates the effects of expression of a
‘heterozygous’ mutant. The situation was different for
Twinkle. Both northern blot analysis and western blot
analysis suggested that at 1 ng/ml DC for 2 days, the wt

recombinant Twinkle protein level is 4–5-fold the level of
endogenous Twinkle, whereas at 3 ng/ml for 2 days
recombinant Twinkle is �8–10-fold the endogenous level.
We have previously shown that the polymerase mutants

D890N and D1135A of POLG1 are deficient in a
commonly used reverse transcriptase assay. Transient
expression in cell culture showed modest mtDNA deple-
tion (27). The corresponding aspartate 890 and 1135
residues in E. coli polymerase I (Asp705 and Asp882) have
both been shown to be essential for catalysis (40,41).
A model of POLG1 based on the family A polymerase
structures including E. coli polymerase I places both these
residues at critical sites for catalysis (23), which is
corroborated by the fact that cell lines for stable

POLG1 wt 3d no induction POLG1 wt 3d +3 ng/ml DC

D890N 3d +3 ng/ml DC D1135A 3d +3 ng/ml DC

A

B

C

b b

b b

y′

y′ y′

y′

D198A no induction D198A 33 h +3 ng/ml DC D198A 33 h +20ng/ml DC

Figure 7. Replication stalling by POLG1 mutants. (A) Induction of wt POLG1 does not modify RIs compared to non-induced cells. (B) Induction of
POLG1 mutants D890N and D1135A results in a similar pattern of replication stalling with an increased intensity both of bubble (b) and descending
y (y0) RIs. RITOLS are not affected in sharp contrast with Twinkle-mutant induced stalling (Figure 6). All panels in A and B are cropped images
from a single autoradiograph. (C) Fully induced expression of POLG1 D198A results in a modest change in RIs similar to but less severe than low-
level induction of D890N and D1135A. This did, however, not result in copy number depletion (Figure 2). All panels in C are cropped images from a
single autoradiograph.
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constitutive expression of these variants could not be
established. More recently, HEK293 T-Rex cells were
established expressing the D1135A mutation (42). The
authors showed, as we repeated here, that induced
expression of this variant resulted in fast mtDNA copy-
number depletion. Similarly we now show that the D890N
mutation resulted in similar rapid mtDNA depletion upon
induction. For both variants we observed a reduction in
copy number that suggests that upon full induction
mtDNA is diluted by half with each cell division and
thus can no longer be replicated. The generally low
expression levels of recombinant POLG1 and the 1:1 ratio
to endogenous PolG1 at 3 ng/ml DC imply that both the
D890N and D1135A mutation behave as dominant and
furthermore suggest that the results are unlikely due to the
capture of the entire pool of the POLG1 accessory subunit
POLG2 by excessive expression of catalytically inactive
mutants.
Like the POLG1 polymerase domain mutations, the

Twinkle K421A mutation is predicted to abolish catalytic
activity. This mutation is an invariable residue of the
Walker A motif that based on the T7 helicase crystal
structures is essential for nucleotide binding and hydro-
lysis (43,44). Indeed, using partially purified Twinkle
K421A, we showed that this mutation abolished helicase
activity of Twinkle whereas wild-type purified protein
showed robust helicase activity and similar specificity
(not shown) as published (15). The splice variant Twinky

showed no evidence of being able to unwind the helicase
substrate, even though most of the core helicase motifs
except for the last few amino acids of motif H4 are left
intact. The absence of helicase activity is nevertheless not
unexpected as we showed previously that this variant is
mostly monomeric (14), whereas the helicase activity
is expected to require hexamer formation. In contrast
to full-length Twinkle, overexpressed Twinky does not
co-localize with mtDNA in nucleoids within the mito-
chondrial network. Likewise, the 31 amino acid deletion
of the region, that by analogy with the region in the
T7 primase/helicase we tentatively call the linker region,
did not show nucleoid localization and was deficient in the
unwinding assay. However, using glutaraldehyde cross-
linking (Supplementary Figure 4) this mutant was still able
to form multimers, unlike Twinky. The analogous
mutation to G575D has previously been studied in
the T7 primase/helicase (G488D) and was shown to be
severely defective in its unwinding as well as its primase
activity (37), although the remaining primase activity was
still sufficient to allow for phage growth. It was
furthermore shown to have weak DNA-binding capacity,
in part explaining its weak enzymatic activities. In our
hands, the Twinkle G575D mutant did not show helicase
activity and its nucleoid localization was partially
compromised consistent with weak DNA binding. Of the
variants tested here, G575D and K421A behaved as
dominant mutations since they reduced mtDNA copy
number even at very low levels of expression, which
occurred without induction by DC caused by leakiness of
protein expression. Based on the comparison above and
the difficulties to detect the protein without induction we
are confident that under these conditions all recombinant
Twinkle mutants are present at levels well below that of
the endogenous protein. Twinky and i346–376 did not
reduce copy number and are thus suggested not to
compromise the activity of the endogenous Twinkle still
expressed in these cell lines. Based on recent mechanistic
insight in the T7 primase/helicase (45) and the fact that the
purified i346–376 enzymes is inactive, this mutant is
unlikely to form hetero-multimers with the endogenous
enzyme. Finally, the i70–343 mutant reduced mtDNA
copy number and helicase activity. Although this showed
the importance of this region for Twinkle function, these
results and the analysis by 2DNAGE have not yet
established a specific function for this part of the protein
such as a primase activity.

Replication stalling phenotypes are compatible with delayed
lagging-strand synthesis

One of the powers of 2DNAGE is that it allows accurate
predictions of results on the basis of a given replication
model. The method is therefore very useful to generate
and test hypotheses as demonstrated by the adaptation of
the method in a computer model (46). One of the unusual
features of the strand-displacement model (4) is the
prediction of extensive single-stranded RIs. Although
these RIs have been observed by electron microscopy
and more recently by AFM after mtDNA coating by
SSB (47), the RITOLS replication model considers them

G575D 2d + 0 ng/ml DC

G575D 2d + 0 ng/ml DC

+ 200µM ddC, 4 hr

G575D 2d + 0.5 ng/ml DC

G575D 2d + 0.5 ng/ml DC

+ 200µM ddC, 4 hr

y′

y′
y′

y′

b b

b b

Figure 8. Inhibition of POLG1 by ddC results in the reappearance
of RITOLS RIs following stalling induced by Twinkle G575D.
Non-induced and induced (0.5 ng/ml DC) Twinkle G575D cells were
treated for 4 h prior to mtDNA isolation with 200mM ddC. Note that
exposures of these four samples are identical as all four samples were
run on a single gel and blot. Markings are similar as in Figure 6.
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artefacts of degradation of the RNA patches of the initial
lagging-strand. Indeed, single-stranded RIs predicted
depending on the origin of replication and the restriction
enzymes used (7,48) are not readily observed by
2DNAGE. It has been suggested however that the failure
to observe these RIs is due to extensive branch-migration
(47), thus arguing that the 2DNAGE technique is flawed
and that the majority of RIs predicted by the strand-
displacement model are not detected as such by this
technique. This however does not provide an explanation
for the observation of abundant RITOLS RIs.

Our observations of mtDNA copy-number depletion
and a concomitant overall increase in RIs observed by
2DNAGE are evidence of extensive replication stalling
or slowing down of replication fork movement in a non-
site-specific manner. Replication stalling induced by the
Twinkle K421A and G575D mutations has direct bearing
on the question of delayed lagging-strand DNA synthesis
as proposed by both the strand-displacement and
RITOLS models. Using 2DNAGE we have shown here
that accumulated RIs were visible using 3 different
restriction enzymes (HincII in Figures 6–8, BclI in
Supplementary Figure 1 and DraI in Supplementary
Figure 5A) and probes for fragments that cover half of
the genome. The results show that reduced fork progres-
sion occurs throughout mtDNA and not at a few specific
sites since we did not observe appearance of discrete spots
on replication arcs but a general increase of the intensities
of arcs of RIs. Probing for the 3.9 kb HincII fragment
from mtDNA nt 13 636–1006, which includes OH as well
as most of the initiation zone (OriZ) covering the
cytochrome b, ND6, part of the ND5 gene region (8),
showed both an intense bubble and descending y-arc
typical of a fragment containing multiple initiation sites
within that fragment. However, since the ascending y-arc
signal in this fragment was generally weak even when the
bubble arc signal was very strong, the results nevertheless
suggest that most initiation occurred in the NCR region,
possibly at or near OH and not in OriZ, which would
result in a more uniform y-arc (8). 2DNAGE analysis of a
DraI fragment spanning most or all of OriZ but not
including OH further supports this hypothesis as it
showed a strong y-arc signal in Twinkle stalling mutants
but only a very weak bubble arc (Supplementary
Figure 5A). These results thus suggest that despite the
apparent lack of RITOLS on 2DNAGE gels in the
Twinkle stalling mutants, the predominant initiation
occurs at OH as was proposed for both the RITOLS
(10) and the strand-displacement model (4). Since the
RIs observed with the Twinkle stalling mutants were
RNaseH and S1 nuclease insensitive they were most likely
double-stranded DNA and thus resemble strand-coupled
RIs. The double-stranded nature of the RIs in question
was further confirmed by comparing RIs obtained by
digestion with DraI and analysis of a fragment close to but
not including the NCR origin (Supplementary Figure 5A
and B). As explained in detail in Supplementary Figure 5C
the prediction is that double-stranded RIs would yield a
conventional Y-arc, whereas RITOLS and single-stranded
intermediates being non-digestible on the nascent lagging-
strand would yield a retarded arc resembling a Y-arc

(SMY or slow-moving Y). Also by comparison with
Supplementary Figure 5A, the results show that the vast
majority of RIs resulting from Twinkle stalling mutants
are on a conventional Y-arc whereas by comparison RIs
from cells expressing Twinkle wt or expressing the POLG1
D1135A mutant are on the predicted SMY (7,10). As an
alternative we purified replication intermediates from
preparative Twinkle G575D 2DNAGE gels and analyzed
the purified RIs by restriction digestion using two
dsDNA-specific enzymes (XhoI and DraI) and AccI that
is capable of digesting ds and ssDNA. As demonstrated
and illustrated in Supplementary Figure 6, these digests
also fully support the conclusion that RIs observed with
the Twinkle stalling mutants are essentially double-
stranded DNA. As it is highly unlikely that leading- and
lagging- strand synthesis have become coupled due to fork
stalling, the observed double-stranded RIs can only be
reasonably explained by an increased rate of lagging-
strand initiation and/or maturation relative to the rate of
fork movement. The results furthermore imply this to
occur at sites other than the proposed lagging-strand
initiation site(s) because the 3.9 kb HincII is unlikely to
contain any, based on the mapping of the mouse second
preferred maturation start-site proposed to be between nt
12 966 and 12 671 (10). Although not excluded at the
moment, in the strand displacement model this would
require novel priming events by unknown proteins and
mechanisms. In the case of RITOLS intermediates,
processing of incorporated RNA can be more easily
envisaged to yield fully dsDNA intermediates.
The conclusions above are further strengthened by the

ddC experiments. In our study overexpression of POLG1
mutants induced replication stalling but maintained
RITOLS RIs. In contrast, Twinkle stalling mutants
invariably resulted in an extensive loss of RITOLS RIs
on 2DNAGE and in an associated increase in dsDNA
RIs. The suggested cause-effect that dsDNA RIs increase
as RITOLS decrease is further reinforced by the demon-
stration that a short inhibition of POLG by ddC led to a
re-emergence of the RITOLS RIs under mild stalling
conditions induced by Twinkle mutants and demonstrates
that RITOLS intermediates precede dsDNA replication
intermediates. Importantly, higher expression levels of,
e.g. G575D for two or three days followed by ddC
treatment did not result in the reappearance of RITOLS.
We interpret this as a sign of a complete halt in ongoing
replication and initiation whilst visible stalled RIs have
already been maturated. Because under these conditions
no replication (re)initiation occurs, also no new RITOLS
intermediates are observed upon inhibition of POLG1 by
ddC. In contrast, low G575D expression levels allow for a
continued fork progression albeit at a reduced rate.
Accordingly, very low (leaky) G575D expression resulted
in a reduced mtDNA copy number, but a steady-state
level was maintained over many cell generations (not
shown). As the only plausible target for ddC treatment is
POLG, the results seem to imply that the lagging-strand
POLG is more sensitive to ddC treatment than the
leading-strand polymerase, suggesting a different compo-
sition of leading and lagging-strand polymerase holoen-
zymes. Although the proposal of RITOLS replication (10)
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leaves open many questions regarding the synthesis of the
initial RNA-rich lagging-strand, our data suggest that
POLG is involved in lagging-strand maturation.
Furthermore, as proposed previously (7) our data confirm
that this is one of the slower steps in mitochondrial
replication. Although various RNA-associated activities
of POLG1 have recently been characterized (49), to our
knowledge a displacement synthesis where POLG1 would
displace annealed RNA from a template strand has not
yet been demonstrated. Alternatively, POLG1 exonuclease
activity might be involved in removing nascent RNA
before initiating DNA synthesis. Our data however seem
to exclude this idea, as overexpression of the exonuclease
deficient POLG1 D198A did not seriously affect mtDNA
copy number or the abundance of RNA-rich versus RNA-
poor RIs. Nevertheless, moderate changes in replication
intermediates at high D198A expression levels were
observed by 2DNAGE and warrant further investigation.
The system we have established here provides an

excellent tool to study the function of other proteins in
mtDNA maintenance, to establish their enzymatic or
structural roles in, e.g. replication or repair and to address
questions concerned with the mechanisms of DNA
replication. It will also be invaluable to determine the
in vivo effects of mutations in Twinkle and POLG1
associated with human disorders of mtDNA maintenance.
Low-level expression of the severe Twinkle mutations
K421A and G575D due to the leakiness of the expression
system also in the absence of DC caused reduced mtDNA
steady state levels of �60%. Medium to high induction of
the same mutations ultimately lead to the loss of protein
expression, probably due to growth arrest or death of cells
that lost their mtDNA completely and outgrowth of a few
remaining cells that either had lost protein expression or
did not have expression to start with, very similar to our
earlier observations with constitutive expression of the
POLG1 D198A mutant in 293T cells (27). In contrast
expression of the null mutations did not have any effect on
mtDNA levels also after 7 days and no negative selection
occurred. These considerations also illustrate that the
system is best used for transient expression of mutant
proteins, that care must be taken when long-term effects
are studied and that long-term maintenance of master
plates without DC is not without hazard.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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