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ABSTRACT

Recently, MGME1 was identified as a mitochondrial

DNA nuclease with preference for single-stranded

DNA (ssDNA) substrates. Loss-of-function muta-

tions in patients lead to mitochondrial disease with

DNA depletion, deletions, duplications and rear-

rangements. Here, we assess the biochemical role

of MGME1 in the processing of flap intermediates

during mitochondrial DNA replication using recon-

stituted systems. We show that MGME1 can cleave

flaps to enable efficient ligation of newly replicated

DNA strands in combination with POL�. MGME1 gen-

erates a pool of imprecisely cut products (short flaps,

nicks and gaps) that are converted to ligatable nicks

by POL� through extension or excision of the 3′-end

strand. This is dependent on the 3′-5′ exonuclease

activity of POL� which limits strand displacement

activity and enables POL� to back up to the nick by

3′-5′ degradation. We also demonstrate that POL�-

driven strand displacement is sufficient to gener-

ate DNA- but not RNA-flap substrates suitable for

MGME1 cleavage and ligation during replication. Our

findings have implications for RNA primer removal

models, the 5′-end processing of nascent DNA at

OriH, and DNA repair.

INTRODUCTION

The human mitochondrial genome is a ∼16 kb double
stranded circular molecule that encodes several essential
subunits of the oxidative phosphorylation system. Each
strand of the mitochondrial DNA (mtDNA) contains one
origin of replication: the origin of the heavy strand (OriH)
fromwhich replication of the leadingH-strand initiates, and
the origin of the light strand (OriL) from which the lagging
L-strand initiates (1). Replication from OriH also produces
a preterminated strand, 7S DNA, which remains annealed

to the template. The mitochondrial genome is maintained
by a specialized replicationmachinery andmutations affect-
ing the components of this machinery are associated with
mtDNA defects andmitochondrial disease (2–5). The repli-
some includes the polymerase POL� , the helicase TWIN-
KLE, mitochondrial single-stranded DNA binding protein
(mtSSB), and the mitochondrial RNA polymerase (POL-
RMT) that in addition to transcribing genes is also the mi-
tochondrial primase (6,7). POL� is a heterotrimeric com-
plex comprising the catalytic A subunit and two accessory
B subunits required for processivity (8–10). The POL�A
subunit contains the 5′-3′ polymerase domain and the 3′-5′

exonuclease domain required for proofreading. POL� also
associates with nucleases that can cleave �ap intermediates,
suggesting that �ap removal and replicationmay be coupled
(11,12).
Flaps are believed to be essential intermediates for the

removal of the RNA primers at the origins of DNA repli-
cation (13–15). Analysis of mtDNA from knockout models
and recent patient studies strongly indicate that RNase H1
is involved in removing the RNA primers at OriH and OriL
(16–19). However, RNase H1 alone is insuf�cient since this
enzyme cannot remove the last two ribonucleotides at the
RNA–DNA junction (20). The remaining RNA is believed
to be displaced into a short or long �ap intermediate which
the nucleases DNA2, FEN1 and most recently MGME1,
have been implicated in cleaving away (3,13–15,21). Some
disagreement surrounds the mitochondrial localization of
FEN1 (12,22–24) and the roles of the different nucleases are
not yet fully de�ned. The fact that loss ofMGME1 function
in humans causes mitochondrial disease but is not lethal in-
dicates that other nucleases can at least partially compen-
sate (11,25). There are several differences in the substrate
speci�cities of the nucleases. For example, unlike DNA2
and MGME1, which only cleave DNA, FEN1 can also cut
RNA (26). Also, FEN1 can cleave �aps as short as 1 nu-
cleotide, while DNA2 requires longer �aps (27). MGME1
has been shown to cleave long �aps, but its activity on
shorter �aps has not yet been studied (25).
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POL� itself can create short �aps during mtDNA syn-
thesis – instead of terminating when reaching a duplex re-
gion, POL� continues to polymerize a few nucleotides into
the duplex, thereby creating short 5′-�aps in the displaced
strand (28,29). To avoid uncontrolled formation of �aps,
coordination between the polymerase and 3′-5′ exonuclease
domains of POL� carefully regulates strand displacement.
Through 3′-5′ excision at the 3′-end of the DNA, POL� can
return to the nick position and the �ap can reanneal (28,29).
This idling process is important for ligation since inactiva-
tion of POL� ’s exonuclease activity leads to excessive strand
displacement synthesis and the formation of unligatable 5′-
�aps (29). In the nucleus, maturation of Okazaki fragments
has also been shown to depend on idling by the replica-
tive polymerase (Pol �) (30,31), and to involve the nucleases
RNase H2, FEN1 and DNA2 (15,32).
MGME1 is a mitochondrial DNA nuclease of the RecB

family with a strong preference for single-stranded DNA
(25,33). MGME1 cleaves DNA with a free end, but there
are con�icting data on whether it has a preference for 5′

or 3′ ends (25,33). MGME1 can cut 5′ �aps of substrates
that resemble replication/repair intermediates as well as 3′

�aps (11,25). Loss-of-function mutations in the MGME1
gene can cause mitochondrial disease and are associated
with mtDNA depletion, deletions, duplications and rear-
rangements. Interestingly, MGME1-de�cient patient cells
contain a truncated (11 kb) linear mtDNA fragment span-
ning the two origins which closely resembles that found in
mice and �ieswhich express a 3′-5′ exonuclease de�cient ver-
sion of POL� (11,34,35). The lack of 3′-5′ exonuclease activ-
ity leads to unregulated POL� strand displacement activity
and extended �ap formation (29). This effect may cause per-
sistent �aps in the 5′-end of the nascent H-strand that pose
a ligation block, leaving an unligatable nick in the mtDNA
close to the OriH region. The nick will cause the forma-
tion of a double-strand break in the next round of repli-
cation, which can explain the formation of the 11-kb linear
fragment (29). The presence of a similar, linear fragment in
MGME1 patients therefore indicates that the nuclease may
be involved in the same process, i.e. the formation of ligat-
able ends at, or near, OriH during mtDNA replication. The
11 kb linear mtDNA fragment has also been suggested to
result from replication arrest near OriL and OriH and sub-
sequent chromosomal breakage at these sites (36).
RNase H1 is involved in primer removal at both ori-

gins (17), but the situation at OriH may be more compli-
cated compared to OriL. Primer synthesis for OriH repli-
cation is initiated at the light-strand promoter (LSP) (37),
and the shift from RNA to DNA, based on the detection
of covalently attached RNA to DNA, is located mainly at
a conserved sequence element located about 100 bp down-
stream of the promoter (conserved sequence block 2, CSB2)
(38,39). An additional 100 nt of DNAdownstream of CSB2
are presumably removed tomature the 5′-end of the nascent
H-strand. This conclusion is based on the observation that
the free 5′-ends ofH-strandDNAmap primarily to position
191 (a position classically referred to as OriH), which is lo-
cated about 100 bp downstreamof theRNA toDNA transi-
tion at CSB2 (40). The mechanisms that allow the removal
of a long stretch of DNA from CSB2 to the OriH region
are still not understood. Evidence from MGME1-de�cient

patients suggests that a �ap pathway involving MGME1
is linked to the 5′-end processing of the nascent H-strand
(11). In vivo analysis has demonstrated that loss ofMGME1
causes the formation of elongated 7S DNA species due to
incomplete processing of 5′ ends. Interestingly, the 5′ ends
observed upon loss of MGME1 are not only located near
CSB2 but are also found in a range of positions, includ-
ing a very strong signal near CSB1 (11). Therefore, even
if MGME1 is required to process DNA �aps in the CSB1
to OriH region, additional factors are most likely involved,
since even in the absence of MGME1, the RNA primer ini-
tiated at LSP can be removed together with the DNA up
to CSB1 at least. At OriH, the main role of MGME1 may
therefore be to participate in the processing of the last 20–50
nt, involving a region from CSB1 to OriH.
Here, we set out to de�ne the function ofMGME1 in �ap

removal processes during mtDNA replication. We recon-
stitute MGME1 activity in an in vitro system for mtDNA
replication and characterize its interplay with other mito-
chondrial replication factors. We �nd that MGME1 can
process �ap intermediates during mtDNA replication. Nu-
clease assays reveal thatMGME1 activity improves with in-
creasing �ap length with �nal cleavages targeted around the
�ap base. Only a fraction of the cleaved products are nicked
and directly ligatable. In combination with POL� however,
ligation ef�ciency is greatly enhanced by the ability of POL�
to remodel the cleaved products.

MATERIALS AND METHODS

Cloning and protein puri�cation

The coding sequence of human MGME1 lacking the pre-
dicted MTS (residues 1–20) but carrying a 6xHis tag cod-
ing sequence at the C terminus was cloned into the pET17-b
expression plasmid. The catalytic mutant K253A was gen-
erated by site-directed mutagenesis following the manufac-
turer’s instructions (Agilent Technologies). All sequences
were con�rmed by sequencing. Expression of recombinant
MGME1 was induced overnight at 16◦C in E. coli Rosetta
pLysS cells with 0.1 mM IPTG. Cells were lysed bymechan-
ical homogenization (ULTRA-TURRAX Ika). MGME1
was puri�ed from lysates overHis-SelectNickel Af�nityGel
(Sigma-Aldrich), HisTrap FF (GE Healthcare), Hi-Trap
Heparin HP (GE Healthcare) and Hi-Trap Q HP columns
(GEHealthcare). For amore detailedMGME1puri�cation
protocol, please see Supplementary Materials. All other re-
combinant proteins were puri�ed as previously described
(29). All protein dilutions prior to use were done in 25 mM
Tris pH 7.5, 1 mM dithiothreitol (DTT), 0.1 mg/ml bovine
serum albumin (BSA), 200 mM NaCl and 10% glycerol.

DNA substrates

All oligonucleotides were purchased from Euro�ns MWG
Operon and were PAGE puri�ed where necessary. Supple-
mentary Table S1 lists all oligonucleotide sequence details.
For assays using linear substrates, different 80-bp long sub-
strates were created by annealing three different oligonu-
cleotides together. For strand displacement assays, the tem-
plates contained a 20-nt long single-stranded gap �anked
by double stranded DNA. For nuclease and gel shift assays
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the �ap substrates contained a nick with or without a down-
stream 5′-�ap of varying length. Oligonucleotides were la-
beled as indicated using T4 polynucleotide kinase and [� -
32P] ATP or were 3′-end labeled using Klenow �ll-in and [�-
32P] dCTP. To form the biotin-streptavidin substrates, strep-
tavidin was added at 28 times molar excess to the amount
of biotinylated oligonucleotide and incubated at 37◦C for 10
min. For assays using circular templates, different primers
were annealed to single-stranded circular pBluescript SK
(+). Labeling was achieved during experimental reactions
by incorporation of radioactive [�-32P] dCTP.

Strand displacement assay

Strand-displacement reactions were performed on an 80-
bp gapped substrate with the upstream oligonucleotide ra-
dioactively labeled at the 5′-terminus. Reactions (20�l) con-
tained 25 mM Tris-HCl, 10 mM MgCl2, 0.1 mg/ml BSA,
1 mM DTT, 0.5 mM ATP, 100 �M each of dNTPs, 25
fmol DNA substrate, 200 fmol mtSSB, 600 fmol POL�B
and 150 fmol POL�A. Reactions were incubated for
the indicated times at 32◦C and stopped with 2x stop
buffer (formamide with 10 mM ethylenediaminetetraacetic
acid (EDTA), 0.025% bromophenol blue, 0.025% xylene
cyanol). Electrophoresis of samples was performed in 7 M
urea/10% polyacrylamide gels and signals were visualized
by autoradiography or PhosphorImaging.

Nuclease and coupled nuclease-ligation assays

The nuclease assay was adapted from (25). In short, the re-
actions were typically performed in a volume of 20 �l con-
taining 10 mM Tris-HCl (pH 7.5), 1 mM DTT, 0.1 mg/ml
BSA, 10 mM MgCl2, 25 fmol DNA substrate and varying
amounts of MGME1. Reactions were incubated at 37◦C
for 30 min and stopped with 2x stop buffer (formamide
with 10 mM EDTA, 0.025% bromophenol blue, 0.025%
xylene cyanol). Samples were run in 7 M urea/10% poly-
acrylamide gels and visualized with a PhosphorImager or
autoradiography. For high resolution separation, sequenc-
ing gels were used and dried prior to visualization. When
coupled to ligation, reactions also contained 1 mM ATP, 1
unit T4 DNA ligase, 100 �M dNTPs and where indicated,
150 fmol POL�A and 600 fmol POL�B. When stated, the
substrate was pre-incubated with the indicated amount of
mtSSB for 15 min on ice prior to the nuclease assay. As a
control experiment, EMSAwas performed on a 40 nt single-
stranded oligonucleotide to con�rm thatmtSSBwas still ac-
tive after prolonged incubation times when MGME1 activ-
ity is detected, e.g. after 30min incubation (data not shown).

EMSA

Electrophoretic mobility shift assays (EMSA) were per-
formed in 25 mM Tris-HCl, 0.1 mg/ml BSA, 1 mMDTT, 1
mM EDTA and 10% glycerol. Ten fmol of a speci�c DNA
substrate (as indicated in the �gure legends) was incubated
with increasing amounts of MGME1 (0, 1000, 10 000 fmol)
or mtSSB (0, 2.5, 10, 40, 2500 fmol) on ice for 15 min. Re-
actions were separated by 6% PAGE in 0.5x TBE buffer at
4◦C. Signals were visualized by autoradiography or Phos-
phorImaging.

Coupled mtDNA replication-ligation assay

Templates were prepared by annealing circular single-
stranded pBluescript SK (+) with different oligonucleotide
primers. The primers are indicated in the text and �gures,
and sequences are listed in Supplementary Table S1. Twenty
microliters reactions were performed similar to a previous
report (29) with 10 fmol template, 150 fmol POL�A, 600
fmol POL�B and 10 pmol of mtSSB tetramers in 25 mM
Tris-HCl (pH 7.8), 1 mM DTT, 10 mM MgCl2, 0.1 mg/ml
BSA, 1 mM ATP, 100 �M of each dNTP. Unless stated
otherwise, 300 fmol MGME1 and DNA ligase (1 unit T4
DNA ligase or 100 fmol human DNA ligase 3) were added
where indicated. Reactions were incubated at 37◦C for 30
min and stopped by the addition of 4 �l stop buffer (90
mM EDTA, 6% sodium dodecyl sulphate (SDS), 30% glyc-
erol, 0.25% bromophenol blue and 0.25% xylene cyanol).
When indicated, reactions were initiated for 20 min, then
MGME1 was added and reactions proceeded for an addi-
tional 30 min. Samples were separated on 0.75% agarose
gels containing 0.5 �g/ml ethidium bromide (EtBr). Dried
gels were visualized by autoradiography or PhosphorImag-
ing.

RESULTS

MGME1 cleaves longer �aps more ef�ciently

MGME1DNA cleavage has been shown on long 5′-�ap (30
nt) substrates (25). However, the cleavage by MGME1 of
substrates containing shorter �ap lengths that more closely
resemble �ap intermediates formed when POL� encoun-
ters a free 5′-end during DNA synthesis (29) has not been
investigated. We therefore tested the nuclease activity of
MGME1 on substrates with 5′-�ap lengths ranging from 1
to 30 nt.
The substrates investigated consisted of an 80 nt oligonu-

cleotide annealed to an upstream 50 nt long oligonucleotide
and a downstream 30 nt complementary oligonucleotide
with either 0, 1, 5, 15 or 30 nt non-complementary 5′-
�aps that had been radioactively labeled at the 5′-terminus.
MGME1 was puri�ed in recombinant form by sequential
af�nity column chromatographies to apparent homogeneity
as judged by SDS-PAGEand immunoblotting.Nuclease as-
says withMGME1 on these templates showed that cleavage
ef�ciency increased with longer �aps (Figure 1). Almost no
activity was seen on the 1-nt �ap or on the nicked substrate,
while cleavage was observed on longer �aps. As expected,
the catalytic mutant version of MGME1 (K253A, (25,33))
had no cleavage activity (Supplementary Figure S1).
MtSSB is a highly abundant protein in the mitochon-

drial matrix (41,42) and could in principle bind to longer
�aps that are the preferred substrate for MGME1 cleavage.
The nuclear counterpart of mtSSB, RPA, has been shown
to inhibit FEN1 cleavage but stimulate DNA2 cleavage
when bound to 5′-�aps (43). We therefore asked what effect
mtSSB has on MGME1 nuclease activity. A 5′ end-labeled
40 nt long sDNA oligonucleotide was pre-incubated with
increasing amounts of mtSSB tetramers before the addition
of MGME1. Binding of mtSSB was con�rmed by EMSA
(Supplementary Figure S2A). We found that MGME1
cleavage of the oligonucleotide was inhibited at the earliest
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Figure 1. MGME1 cleavage activity increases with �ap length. MGME1 nuclease assay showing cleavage of �ap intermediates with different �ap lengths
(0, 1, 5, 15 and 30 nucleotides, respectively). A total of 25 fmol of substrate with increasing amounts of MGME1 (0, 5, 20, 50, 100, 200 fmol) were used in
the reactions. The asterisks indicate the position of the radiolabel and the numbers indicate the length of the �aps. MM, molecular marker (values indicate
the number of nucleotides).

time points (2 and 5min)with increasing amounts ofmtSSB
but that this inhibition was overcome with longer incuba-
tion times (Supplementary Figure S2B). We also repeated
the nuclease assay with a 40 nt long �ap substrate with simi-
lar results (Supplementary Figure S2C). These experiments
demonstrated that MGME1 can process �aps even in the
presence of mtSSB.

MGME1 cuts imprecisely around the �ap base

The binding and cleavage patterns of MGME1 suggest that
it enters the �ap from the 5′-end for cleavage (Supplemen-
tary Figures S3 and S4, and (25,33)) since a block on the
5′-end of the �ap structure (biotin–streptavidin or a hair-
pin structure) inhibits MGME1. To examine the �nal cleav-
age products, a substrate with a 15 nt long 5′-�ap was
made in which the �ap-oligonucleotide was radioactively
labeled at the 3′-terminus (Figure 2A). The template was
incubated with increasing amounts of MGME1. MGME1
cleavage generated a heterogeneous pool of products com-
prising short (1-6 nt) 5′-�aps, nicks and 1-nt gaps (Figure
2A). The relative abundance of products with a 1 nt gap in-
creased with increasing concentrations of MGME1. How-
ever, at all concentrations there was only a small amount
of nicked product (annotated with a ‘0’ in Figure 2A) that

could potentially be directly ligatedwithout further process-
ing of the template.

POL� promotes ligation of �ap substrates in a nuclease-
ligation assay

We next directly assessed the ligation potential of MGME1
cleavage products using a coupled nuclease-ligation assay.
A no-�ap, 1 nt �ap or 30 nt 5′-�ap substrate was incubated
with T4 DNA ligase and increasing amounts of MGME1
as indicated (Figure 2B). Ligation was very ef�cient with
nicked substrates containing no �aps. No ligation was ob-
served with the 1 nt �ap substrate, which is in agreement
with the nuclease assays where 1 nt �aps are not cleaved by
MGME1 (Figure 1). Low levels of ligated product were pro-
duced from the 30 nt �ap substrate in the presence of high
amounts of MGME1. This inef�cient ligation re�ects the
nuclease assay �ndings where MGME1 cleaves imprecisely
around the base, with only a minor fraction of reactions
producing precisely nicked products (Figure 2A).

We reasoned that �ap cleavage is likely to occur in
the context of POL� idling at the 3′-end of the nascent
DNA during mtDNA replication and that this could en-
able more ef�cient ligation. To test our prediction, the cou-
pled nuclease-ligation assay was repeated in the presence of
POL� (note that dNTPs are also present). The addition of
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Figure 2. MGME1 cleaves imprecisely around the �ap base. (A) Mapping of MGME1 �nal cleavage sites shows a pool of products with short �aps,
nicks and 1 nt gaps. Nuclease assays were performed on 15 nt �ap substrates that had been radioactively labeled at the 3′-terminus on the downstream
oligonucleotide. The numbered values in the rightmost lane indicate how close to the base MGME1 can cleave (0 = the whole �ap is cleaved off and a
ligatable nick is created). (B) Substrates (10 fmol) containing no �aps (lanes 1–6), 1 nt �aps (lanes 7–12) and 30 nt �aps (lanes 13–18) were incubated with
increasing amounts of MGME1 (0, 12.5, 50, 250, 1250 fmol) in the presence of T4 DNA ligase. Ligation of the upstream and downstream primers results
in an 80 nt product (arrowhead). MM, molecular marker. (C) As in (B), except repeated in the presence of POL� . Note that in both (A) and (B), reaction
buffer included dNTPs and ATP.

POL� caused a strong increase in the amount of 80 nt lig-
ated product formed from both the 1 nt �ap and 30 nt �ap
substrates (Figure 2C). Ligation of the non-complementary
1 nt �ap substrate, which is not a substrate for MGME1
cleavage itself (Figure 1), can only have occurred if the
�ap was extended by POL� strand displacement synthe-
sis so that a preferred substrate for MGME1 was created.
In this way the 5′-3′ polymerase activity of POL� pro-
motes MGME1 �ap cleavage. Together these data suggest
that the ef�cient production of ligatable nicks involves both
MGME1 and POL� activity.

Reconstitution of DNA replication, primer �ap removal and
ligation

We next reconstituted an mtDNA replication system cou-
pled to �ap removal and ligation. A long (∼3 kb) circu-
lar single-stranded template primed with a DNA oligonu-
cleotide containing an 8 nt �ap at the 5′-end was used.
DNA synthesis by POL� will convert the template into a
nicked double stranded circular molecule that can only be
ligated to a closed circular molecule if the �ap is removed

(illustrated in Figure 3A and described in theMaterials and
Methods section). Mitochondrial SSB, POL� and different
combinations of MGME1 and T4 DNA ligase were added
and reactions were separated by ethidium bromide agarose
gel electrophoresis to allow topological analysis.
When ligase was added to the �ap substrate reactions, lig-

ated closed circular products only formed when MGME1
was also present (Figure 3B, compare lane 3 with lane 5). In
contrast, ligation using a 5′-phosphorylated non-�ap con-
trol template (Figure 3B, lanes 6–10) was completely inde-
pendent ofMGME1 (compare lanes 8 and 10). The amount
of ligation using the �ap template was slightly less but com-
parable to the control (compare lanes 5 and 10). With the
�ap template, over half of the nicked products were lig-
ated after 5 min in the presence of MGME1 (Supplemen-
tary Figure S5A). A concentration curve revealed that a
small amount of ligated product was formed with a 2-fold
molar excess of MGME1 and progressively increased with
MGME1 concentration (Supplementary Figure S5B). That
the �ap is cleaved by MGME1 is supported by the absence
of ligation with the catalytically inactive K253A MGME1
mutant (Supplementary Figure S5C). Finally, to fully re-
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Figure 3. Reconstitution of �ap removal in a coupled replication-ligation assay. (A) Schematic of assay showing the �ap-template. Per reaction, 10 fmol
of template was incubated with mtSSB, and where indicated, POL� , T4 DNA ligase and MGME1 (300 fmol). Products were labeled with [�-32P] dCTP
during the reaction and run on agarose gels containing EtBr to separate closed circular (ligated) products from nicked products. (B) MGME1 is required
for ligation in the presence of a 5′-primer �ap. Double stranded nicked products (nicked arrowhead) are formed after DNA synthesis. Supercoiled (ligated
arrowhead) DNA is only formed in the presence of MGME1 and T4 DNA ligase. Templates are shown above the gel: 5′-�ap primed template (lanes 1–5);
control 5′-phosphorylated (P) fully annealed primed template (lanes 6–10). (C) As in (B), but reconstitution of mtDNA replication using only human
mitochondrial enzymes, speci�cally DNA ligase 3 instead of T4 DNA ligase. (D) The 3′-5′ exonuclease activity of POL� is required for ligation. Essentially
same assay as in (B), but using either WT POL� or EXO- POL� . The �ap template is shown above.

constitute mtDNA replication with human mitochondrial
enzymes, T4 DNA ligase was substituted with the mito-
chondrial DNA ligase (Lig3). Using the �ap substrate, the
nicked circular products could be ligated by Lig3 only in the
presence of MGME1, similar to the results with T4 DNA
ligase (Figure 3C). These experiments demonstrated that
MGME1 can process preformed �aps to ligatable ends in
a reconstituted mtDNA replication system.

Flap removal and ligation are dependent on the 3′-5′ exonu-
clease activity of POL�

In the coupled nuclease-ligation assay with MGME1 we
found that POL� enhanced the generation of ligatable
nicks. In all likelihood POL� is able to �ne-tune the cleaved
products via its 5′-3′ polymerase and 3′-5′ excision activities,
similar to Pol � (30,31,44). To further address this point,
we used a POL�A mutant lacking 3′-5′ excision capacity
and with associated increased strand displacement activ-

ity (29). This ‘EXO-’ POL� contains a single amino acid
substitution in the second exonuclease motif in the POL�A
subunit (D274A) (35). We previously showed using a simi-
lar circular replication assay that DNA synthesis by EXO-
POL� is unaffected by the mutation, but that ligation is
abolished due to the creation of very long 5′-�aps in the
downstream primer (29). We therefore now asked whether
MGME1 would be able to restore ligation by cleaving these
longer �aps into ligatable ends. Our results showed that this
is not the case: no ligated products were formed in the EXO-
reactions even in the presence of MGME1 (Figure 3D).
Failure of MGME1 to compensate is possibly due to the
rapid displacement of any cleaved 5′-ends into new �aps by
EXO- POL� . In summary, MGME1 can process �ap in-
termediates and support ligation in a reconstituted coupled
replication-ligation assay and this requires the 3′-5′ exonu-
clease activity of POL� .
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POL� strand displacement creates short 5′-�aps in down-
stream DNA and RNA primers

In our assayswe have taken advantage ofDNAprimerswith
preformed 5′-�aps. In mitochondria, the formation of �aps
may be driven by POL� strand displacement. While POL�
has been shown to have limited strand displacement activ-
ity on downstream DNA duplexes (28,29) this has never
been tested on RNA:DNA duplexes that mimic annealed
RNA primers. To examine this we used a gapped linear sub-
strate in which an 80-nt DNA template was annealed to
a 30 nt upstream DNA oligonucleotide that had been ra-
dioactively labeled at the 5′-terminus, and a 30 nt down-
stream DNA or RNA oligonucleotide (Figure 4A). POL�
will extend the primer across the gap until reaching the 5′-
end of the downstream oligonucleotide, producing a 50-nt
long product. Strand displacement synthesis by POL� will
result in longer products. As with the control downstream
DNA template, we found that POL� could displace sev-
eral nucleotides of the downstream RNA oligonucleotide,
though complete displacement was not as extensive as seen
with the DNA control (Figure 4B).

Reconstitution of �ap formation in coupled replication-
ligation assays

We next asked whether the strand displacement activity of
POL� shown above is suf�cient to create �aps that can
be cleaved by MGME1 and enable ligation. To this end
we used primers with unligatable unphosphorylated 5′-ends
that fully anneal to the circular template in our reconsti-
tuted circular replication-ligation system. With these tem-
plates, due to the unphosphorylated 5′-ends, formation of
a cleavable �ap is a prerequisite for ligation – the ligation
block can only be removed if the primer is displaced into
a �ap by POL� strand displacement synthesis followed by
MGME1 cleavage to expose a ligatable 5′-phosphate end.

We initially used RNA oligonucleotides to test whether
MGME1 and POL� are suf�cient to reconstitute RNA
primer removal during replication. First, a 30 nt long RNA
primer that was fully complementary to the template strand
was used (Figure 4C, lane 1–4). As a positive control, a tem-
plate containing a preformed DNA �ap primer was used
(Figure 4C, lane 5, 10 or 15). DNA synthesis was initiated
by addition of POL� for 20 min to allow POL� to reach
the 5′-end of the primer, then MGME1 and T4 DNA lig-
ase were added and reactions were incubated for a further
30 min. Compared to the control template, no closed cir-
cular products were formed from templates containing the
RNA primer (Figure 4C, compare lane 4 with 5). This is
consistent with our data showing that POL� displacement
of RNA is mainly limited to <10 nt (Figure 4B) and that
MGME1 only cleaves within DNA and not RNA (25,33).
Next, we used a chimeric primer of the same sequence as the
RNAprimer above, but comprised of only 2 ribonucleotides
at the 5′-end followed by 28 deoxyribonucleotides (Figure
4C, lane 6–9). This mimics an RNase H1 primer intermedi-
ate product where all but the last two RNase H1-resistant
ribonucleotides have been degraded (20). Compared to the
control template, essentially no ligated band was observed
in the presence of MGME1 and DNA ligase (Figure 4C,

Figure 4. Strand displacement and �ap processing by POL� and
MGME1. (A) Diagram of the linear gapped substrate used in strand-
displacement assays, with products shown below. (B) Strand displacement
by POL� over time on a DNA or RNA containing template. Polymerase
performs limited strand displacement on both templates. Complete dis-
placement (the uppermost bands) is more prominent with the downstream
DNA than RNA. Reactions were started by the addition of POL� . Time
points are indicated above in minutes (− represents reactions where no
POL� was added). MM,molecular marker. (C) Reactions are as described
in Figure legend 3. Per reaction, 10 fmol of template was incubated with
mtSSB, and where indicated, POL� , T4 DNA ligase and MGME1 (300
fmol). Products were labeled by [�-32P] dCTP incorporation and run on
agarose gels containing EtBr. Templates are shownwith annotated primers
above the gel. Unphosphorylated 30 nt fully annealed RNA primer (lanes
1–4), a 30 nt fully annealed unphosphorylated RNA(2):DNA(28) chimeric
primer (lanes 6–9), a 30 nt fully annealed unphosphorylated DNA primer
(lanes 11–14) or, a control template containing an 8 nt �ap DNA primer
(lane 5, 10 and 15).
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lane 9; a barely detectable band is visible in Supplementary
Figure S5Dwith longer exposure). This result indicates that
POL� andMGME1 are not suf�cient for removal of the re-
maining 2 ribonucleotides.
Finally, we constructed a template with a fully annealed

unphosphorylated DNA primer. Contrary to the templates
containing RNA primers, this template could be converted
to a ligated product in the presence of MGME1 and DNA
ligase during replication (Figure 4C, lane 14). A previous
report showed that MGME1 can cut RNA:DNA chimeric
�aps 2–4 nt downstream of the RNA:DNA junction (25).
MGME1 cleavage of an RNA-containing primer therefore
necessitates the formation of a longer �ap than if the primer
only contains DNA and this is consistent with our �nding
that ligation was only achieved with DNA primers but not
those containing RNA.

DISCUSSION

We have characterized the role of MGME1 in �ap process-
ing during mtDNA replication by using in vitro reconsti-
tuted systems. A previous study showed that MGME1 can
cleave DNA or RNA:DNA chimeric �aps and might there-
fore be involved in processing �ap intermediates that can
arise during DNA repair or primer removal (25). Here, we
directly examined this by coupling MGME1 cleavage ac-
tivity to DNA synthesis and ligation. We found that while
MGME1 alone is poor at generating ligatable ends, it does
so very ef�ciently in combination with POL� . We show that
MGME1 cuts imprecisely around the �ap base: only a frac-
tion of products are nicked while others contain short �aps
or gaps. Nonetheless, it seems not to be strictly necessary
for MGME1 to cut exactly at the �ap base in the context of
DNA replication (or repair) since we found that POL� can
extend or excise the 3′-end strand and thus edit the impre-
cise cleavage products (Figure 5 for schematicmodel). Short
gaps are �lled in and short �aps are displaced into longer
�aps that are optimal for further rounds of MGME1 cleav-
age. Meanwhile, the 3′-5′ exonuclease activity of POL� can
degrade from the 3′-end of the newly synthesized strand and
allow any complementary �aps to reanneal to the template
and thereby create a nick instead of a �ap.
Poor ligation coupled to �ap cleavage has also been ob-

servedwithDNA2, which likeMGME1, cleaves indistinctly
around the �ap base (43). Re�ecting our MGME1 �ndings,
DNA2 was shown to nonetheless ef�ciently support �ap re-
moval and ligation in a reconstituted budding yeast Pol�nu-
clear replication system (44). Previous studies had reported
only very limited ligation with DNA2 alone, necessitating
FEN1 as an additional nuclease to complete �ap removal
(31,45,46). In a reconstituted human mitochondrial repli-
cation system DNA2 was not suf�cient for �ap removal
and ligation, but required the addition FEN1, which was
explained by the fact that DNA2 cleavage leaves behind
a short �ap (12). That MGME1, but not DNA2, can act
as the sole nuclease in removing mtDNA �aps may indi-
cate that POL� coordination with �ap cleavage is speci�c
to MGME1.
The apparent coordination between POL� andMGME1

was dependent on the 3′-5′ exonuclease activity of POL� .
Exonuclease de�cient (EXO-) POL� has excessive strand

Figure 5. Model of �ap removal and the creation of a ligatable nick by
MGME1 and POL� . MGME1 is shown together with a �ap substrate at
the top. The outcome of cleavage is a pool of three types of products con-
taining 1 nt gaps, nicks or short �aps (second row). POL� can edit the
imprecisely cleaved products to create ligatable nicks (bottom rows). Gaps
can be �lled in (left). Short �aps can be removed by two alternative path-
ways: through 3′-5′excision of the 3′-end strand a complementary �ap can
reanneal to the temple (middle), or, through strand displacement synthesis
the �ap can be extended to a long �ap to enable a second round ofMGME1
cleavage (right).

displacement activity so that even if MGME1 is able to cut
�aps, new �aps are presumably rapidly regenerated. Also, it
is not possible to generate a ligatable nick by re-annealing
of the 5′-�ap because EXO- POL� is unable to perform 3′-
5′ excision of the upstream DNA. Our �ndings are in line
with reports showing that DNA2 cannot rescue ligation in
nuclear replication systems using exonuclease de�cient Pol�
(31,44). The requirement for exonuclease activity may only
apply to nucleases such as MGME1 and DNA2 that cleave
the �aps in an imprecise manner since FEN1 was reported
to rescue ligation in reconstituted nuclear replication as-
says with exonuclease de�cient Pol� (31). One explanation is
that FEN1 cuts �aps more precisely, leaving nicks that can
be rapidly ligated before further strand displacement takes
place (30,31). However, this still remains unclear since an-
other study using a similar system found that FEN1was not
able to restore ligation (44).
Our �nding that MGME1 cannot rescue ligation with

EXO- POL� is also consistent with aberrant replication in-
termediates observed in the EXO- mutator mouse and sug-
gests that the presence of �ap nucleases may not fully over-
come the toxic effects of uncontrolled POL� strand dis-
placement. Normally, POL� idles at the nick position when
reaching the 5′-end of downstream DNA (28,29). EXO-
POL� however has been shown to synthesize DNA several
hundred nucleotides past the 5′-end (47). We speculate that
in mutator mice, when EXO- POL� completes replication
from OriH and reaches the mature 5′-end of the nascent H-
strand at OriH position 191, the polymerase does not stop,
but continues DNA synthesis, thus forming 5′-�aps down-
stream of OriH. These �aps may continue to be regenerated
even after MGME1 cleavage. Consequently, the 5′-end of
the nascent H-strand in EXO- mice would be shifted down-
stream of OriH, which is in agreement with the mapping of
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5′-ends in EXO- mice to a ∼600 nt region downstream of
OriH (36).

The dependence on a free 5′-end for MGME1 binding
and cleavage (Supplementary Figures S3 and S4) may be an
important aspect of possible coordination between POL�
and MGME1 activities. FEN1 and DNA2 also require a
free 5′-end for �ap cleavage (32), however unlike MGME1,
they can still bind a 5′-end blocked �ap by binding at the
�ap base (48,49). Both FEN1 and DNA2 �ap binding in-
volve contacts with the downstream duplex region near the
�ap base (48–50). In contrast, MGME1 does not appear to
have dsDNAbinding activity ((33) and Supplementary Fig-
ure S3C, lane 1–3). This potentially means that MGME1
never ‘blocks’ the idling activity of POL� at the nick. In-
stead, the activities seem to be coordinated; MGME1 can
cut displaced �aps while the polymerase is idling at the 3′-
end of the nascent DNA. That their activities may be co-
ordinated while coexisting on the same molecule is further
suggested by direct interactions reported betweenMGME1
and POL� (11).
During primer removal it is thought that the RNase H1-

resistant ribonucleotides (the last 2 ribonucleotides at the
RNA–DNA junction) are displaced into a short �ap by
POL� strand displacement (short �ap pathway). Our data
showing that POL� can synthesize a few nucleotides (<10
nt) into an RNA:DNA duplex support this view. How-
ever, MGME1 was unable to cleave these POL� -generated
RNA �aps. Presumably this is because MGME1 cleavage
of RNA:DNA chimeric �aps only occurs a few nucleotides
downstream of the RNA (11), which means that in the case
of RNA-containing primers a longer �ap is necessary for
MGME1 cleavage. MGME1 may therefore remove RNA
primers or remnants thereof via a long �ap pathway anal-
ogous to the long �ap pathway of Okazaki fragment mat-
uration involving DNA2. This model is also more consis-
tent with MGME1’s preference for longer �aps. The activ-
ities that would generate the longer �aps in mitochondria
have yet to be identi�ed. Finally, it cannot be ruled out that
some ribonucleotides are not removed, but ligated to DNA.
Mitochondrial DNA ligase 3 ligates DNA ends very ef�-
ciently in vitro, but it also has some weak ligation activity
between upstream DNA and downstream RNA (51). Evi-
dence frommouse embryonic �broblasts lacking RNase H1
suggests that in a notable proportion of mtDNA molecules
the RNA primers are ligated to the DNA (17).
A long �ap pathway may also operate in the 5′-end pro-

cessing of the nascent H-strand. As noted in the introduc-
tion, it is thought that ∼100 nt of nascent DNA is removed
downstream of the RNA primer based on observations that
the RNA:DNA transitions occur near CSB2, at position
301–299 and 292–289 of mtDNA (39), while free 5′-DNA
ends map mainly to the downstream OriH sequence (posi-
tion 191). InMGME1-de�cient patients, the 5′-ends are ex-
tended upstream of OriH in the direction of CSB2, suggest-
ing that this region is removed via a �ap pathway involving
MGME1 (11). How the long �aps needed for MGME1 or
DNA2 cleavage are generated is not known. In the case of
DNA2, this could be solved by its intrinsic helicase activity
(52,53). Since MGME1 does not possess helicase activity,
additional factor/s need to be involved in order to lengthen

the �aps. We here demonstrate that POL� can assist in
creating �aps that are processed by MGME1. Others have
suggested that secondary structures formed in DNA near
CSB1, may also be important for this effect (11). Clearly,
in vivo, there must be additional activities that assist in pro-
cessing the 5′-ends of 7S DNA, since these can mature even
in the absence of full-length H-strand DNA synthesis.
Finally, the role of MGME1 may not be limited to only

mtDNA replication. Our �nding that MGME1 is able to
cut DNA �aps created by POL� strand displacement syn-
thesis supports the possibility that MGME1 may also be
involved in DNA repair processes. The long patch base ex-
cision repair (LP-BER) pathway has been identi�ed in mi-
tochondrial extracts and shown to involve FEN1, DNA2
or as yet unidenti�ed nucleases (12,23,24,54). It remains to
be seen whether our system also supports the removal of 5′

abasic sites and whether MGME1-de�ciency is associated
with abnormally high levels of mtDNA damage in vivo.
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