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ABSTRACT

Replication of sufficient mitochondrial DNA (mtDNA)
is essential for maintaining mitochondrial functions
in mammalian cells. During mtDNA replication, RNA
primers must be removed before the nascent cir-
cular DNA strands rejoin. This process involves
mitochondrial RNase H1, which removes most of
the RNA primers but leaves two ribonucleotides at-
tached to the 5′ end of nascent DNA. A subse-
quent 5′-exonuclease is required to remove the resid-
ual ribonucleotides, however, it remains unknown if
any mitochondrial 5′-exonuclease could remove two
RNA nucleotides from a hybrid duplex DNA. Here,
we report that human mitochondrial Exonuclease
G (ExoG) may participate in this particular process
by efficiently cleaving at RNA–DNA junctions to re-
move the 5′-end RNA dinucleotide in an RNA/DNA
hybrid duplex. Crystal structures of human ExoG
bound respectively with DNA, RNA/DNA hybrid and
RNA–DNA chimeric duplexes uncover the underly-
ing structural mechanism of how ExoG specifically
recognizes and cleaves at RNA–DNA junctions of
a hybrid duplex with an A-form conformation. This
study hence establishes the molecular basis of ExoG
functioning as a unique 5′-exonuclease to mediate
the flap-independent RNA primer removal process
during mtDNA replication to maintain mitochondrial
genome integrity.

INTRODUCTION

Mitochondria are the power plants of a cell, providing cel-
lular energy in the form of ATP through oxidative phos-
phorylation (OXPHOS). Mammalian mitochondrial DNA
(mtDNA) encodes only a small number of ribosomal and
transfer RNAs and 13 component proteins of the OXPHOS
system, but they are essential for mitochondrial protein
translation and ATP synthesis (1). Defects in mtDNA repli-
cation and maintenance, including mutations in the nuclear

genes that affect the replication and stability of mtDNA,
are thus linked to a wide spectrum of mitochondrial dis-
orders and diseases (2,3). The two strands of mtDNA are
named heavy (H) and light (L) strands based on their gua-
nine contents (4). According to the strand-displacement
model of mtDNA replication, both strands are synthe-
sized continuously, each with only one priming event (1).
This process initiates at the light strand promoter (LSP)
where mitochondrial RNA polymerase (POLRMT) starts
to transcribe RNA until reaching conserved sequence block
2 (CSB2). This RNA then serves as a primer for DNA poly-
merase � (Pol� ) to synthesize the H-strand started from
CSB2, resulting in synthesis of a long RNA primer of ∼100
nucleotides that spans from LSP to CSB2 (5,6). The repli-
cation of L-strand occurs when the H-strand replicating
machinery reaches the L-strand origin (OriL), where POL-
RMT makes RNA primers of about 25 nucleotides (1,7).
This short RNA primer on L-strand and the long RNA
primer on H-strand, as well as ∼100 DNA nucleotides
downstream from CSB2 to the H-strand replication origin
(OriH), have to be removed before the circular mtDNA can
be rejoined by mitochondrial DNA ligase (ligase III) (8).
It remains largely unknown how these RNA primers and
their downstream DNA are processed to generate the ma-
ture DNA 5′ ends for DNA ligation, allowing restoration of
mitochondrial genome integrity.

It is well established that mitochondrial RNase H1 plays
the primary role in degrading RNA primers during mtDNA
replication (9–11). However, RNase H1 has to recognize
four consecutive ribonucleotides flanking its cleavage site
and cleaves in between the second and third ribonucleotides.
As the result, RNase H1 obligatorily leaves two ribonu-
cleotides attached to the newly synthesized DNA (12–14),
therefore, a subsequent 5′-end processing event is essential
to remove the remaining RNA primer before DNA liga-
tion, as most DNA ligases, including ligase III, discrimi-
nate against ribonucleotides as substrates (15,16). Incom-
plete RNA primer removal could cause harmful impacts to
genome, including replication stress, short deletion muta-
tions and generation of single- and double-stranded DNA
breaks, resulting in genome instability (11,17,18). To com-
pletely remove the residual RNA primer, in mitochondrial,
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it has been proposed that Pol� can detach the 5′ end of
nascent DNA along with the ribonucleotides via its strand
displacement synthesis activity, producing a single-stranded
5′-flap capped by the RNA primer. This flap can then be
removed by flap structure-specific endonuclease 1 (FEN1),
DNA replication helicase/nuclease 2 (DNA2) and/or mi-
tochondrial genome maintenance exonuclease 1 (MGME1)
(19–23), thus establishing the flap-dependent RNA primer
removal model for mtDNA replication (8). However, cel-
lular depletion of FEN1, DNA2 or MGME1 has no or
only a limited impact on mtDNA genome integrity or
mtDNA copy numbers (24,25). In addition, Pol� displays
very limited strand displacement synthesis activity in vitro
(22,26,27). Pol� in concert with MGME1 or DNA2 also
fails to generate ligatable DNA ends for ligase III (23).
Hence it remains unclear which mitochondrial nuclease is
the primary enzyme acting after RNase H1 to remove the
residual RNA dinucleotide primer during mtDNA replica-
tion.

The recently discovered mitochondrial DNA repair en-
zyme Exonuclease G (ExoG) represents a possible can-
didate for direct removal of the 5′-end nucleotides from
double-stranded DNA (dsDNA) in a flap-independent
manner. ExoG is an evolutionarily conserved 5′-3′ exonu-
clease in higher eukaryotes that is localized in mitochon-
dria (28). Compared to its paralog, endonuclease G (En-
doG), ExoG contains an additional Wing domain at the
C-terminus and bears a signature SRGH sequence (instead
of DRGH in EndoG) in its catalytic ���-metal motif (29).
Cellular depletion of ExoG induces persistent single-strand
breaks in mtDNA, mitochondrial dysfunction, and pro-
grammed cell death, suggesting that ExoG plays a role
in mitochondrial long-patch base excision repair (BER)
(24). During the process of BER, oxidized abasic (AP)
sites (i.e. 2-deoxyribonolactone, dL) are cleaved by the
apurinic/apyrimidinic endonuclease (APE1), generating a
nick with a 5′ end capped by a dL moiety that is resistant to
the lyase activity of mitochondrial Pol� . As ExoG is capa-
ble of directly acting on the 5′ end of a gap DNA (24,30),
it could readily remove the 5′-blocking moiety once gener-
ated, thus allowing the following repair process.

Apart from its ability to work in a flap-independent man-
ner, ExoG also possesses the unique property of cleav-
ing away two 5′-end nucleotides in one catalytic event
(24,28,30,31). The underlying structural basis of this activ-
ity was uncovered by the crystal structure of human ExoG
in complex with a 10-bp dsDNA (30). In this structure,
ExoG adopts a deep substrate-binding groove that accom-
modates two 5′-end nucleotides, allowing ExoG to precisely
excise a dinucleotide, but not a mononucleotide, from the
5′ blunt end of dsDNA. Importantly, the structure also re-
vealed a conformational transition of the bound DNA du-
plex, from a B-form to an A-form, flanking ExoG’s cleavage
site. This phenomenon implies that ExoG might preferen-
tially process A-form duplexes, such as an RNA/DNA hy-
brid, rather than typical B-form dsDNA. Moreover, aside
from this structural evidence, depletion of ExoG in pri-
mary neonatal rat ventricular cardiomyocytes did not result
in mtDNA damage but affect normal mitochondrial func-

tions and induced excess ROS production and cardiomy-
ocyte hypertrophy (32,33). These observations together im-
ply that ExoG might have an as yet undiscovered function
in mtDNA maintenance, apart from its role in DNA repair.

In this study, we hypothesized that ExoG could be in-
volved in the 5′-end processing of the nascent mitochondrial
DNA by facilitating the clearance of residual RNA primer
left by RNase H1. By in vitro activity assay, we show that
ExoG indeed preferentially removes the 5′-end RNA dinu-
cleotide at the RNA–DNA junction in an RNA/DNA hy-
brid duplex. To reveal the underlying mechanism, we de-
termined the crystal structures of human ExoG in com-
plex respectively with a DNA duplex, an RNA/DNA hy-
brid duplex, or an RNA–DNA chimeric duplex that mim-
ics the processing intermediate generated by RNase H1. By
comparing these three structures, we provide the molecu-
lar basis for ExoG’s preference to cleave at the junction
between RNA and DNA in a hybrid duplex. Based on
these lines of evidence, we propose a working model of the
ExoG-mediated mitochondrial RNA primer removal pro-
cess, which provides an alternative flap-independent path-
way, apart from the current flap-dependent pathway, during
mitochondrial DNA replication.

MATERIALS AND METHODS

Protein expression and purification

The coding region of the EXOG gene (i.e. without the
N-terminal MLS; base pairs 124–1107) from the human
cDNA library was sub-cloned into the pET28a (Novagen)
expression vector to generate the pET28a-ExoG plasmid,
encoding for recombinant human ExoG protein with an
N-terminal His-tag for affinity purification. Escherichia coli
Rosetta 2 (DE3) pLysS (Novagen) harboring the pET28a-
ExoG plasmid (wild-type or mutated constructs) were
grown in 1 L of LB medium at 37◦C to an OD600 of ap-
proximately 1.0. The cell culture was then cooled to 20◦C
and induced with 1 mL of 1 M IPTG. The recombinant pro-
teins were expressed at 20◦C for 16 h. Cells were harvested,
resuspended in lysis buffer (50 mM sodium phosphate pH
7.0, 500 mM NaCl, 10 mM imidazole, 1% Tween 20, 10%
[v/v] glycerol and 5 mM �-mercaptoethanol) and then lysed
by microfluidizer (Microfluidics M-110P). Lysate was cen-
trifuged at 16,000 rpm for 45 min to remove cell debris. The
resultant supernatant was loaded onto a HisTrap HP col-
umn (GE Healthcare). The column was washed to baseline
with wash buffer (lysis buffer lacking Tween 20) before we
conducted bound protein elution using elution buffer (wash
buffer containing 200 mM imidazole). Eluted protein (∼20
mL) was then dialyzed against 1 L of gel filtration buffer (20
mM Tris–HCl pH 7.0, 200 mM NaCl, 1 mM EDTA and 5
mM �-mercaptoethanol) at 4◦C for 16 h. Protein was con-
centrated and loaded onto a gel filtration column (HiLoad
16/60 Superdex 200 pg, GE Healthcare Life Sciences). The
eluted dimer of ExoG-H140A (catalytically dead mutant)
protein was collected and concentrated to 20 mg mL−1 for
protein crystallization. Wild-type or other mutants of puri-
fied ExoG were concentrated to 10 or 30 �M and stored at
−80◦C for further biochemical assays.
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In vitro nuclease activity assay

ExoG (1.25, 25 or 50 nM) was incubated with FAM (6-
carboxyfluorescein)-labeled substrates (100 nM) in a 10 �L
reaction containing 100 �g mL−1 bovine serum albumin
(BSA), 10 mM HEPES pH 7.4, 150 mM NaCl and 2.5 mM
MgCl2 at 37◦C. For biotin-labeled substrates, an additional
200 nM NeutrAvidin (Thermo Scientific) was included in
the reaction. Oligonucleotide sequences are listed in Supple-
mentary Table S1. Reactions were stopped at the indicated
time-points by adding an equal amount of 2X TBE/urea
sample buffer (BIO-RAD) and heating at 65◦C for 20 min.
To fully release the FAM-labeled probe from the comple-
mentary strand, 2 �L of 100 �M competitive DNA oligonu-
cleotides was added. The resultant mixtures were heated at
95◦C for 5 min, then at 30◦C for 10 min, before being grad-
ually cooled to room temperature (∼20◦C). The solutions
were loaded and separated by a 20% denatured acrylamide
gel containing 6 M urea. FAM-labeled oligonucleotides (ex-
citation at 473 nM and emission at 520 nM) in the resultant
gels were visualized using a Typhoon FLA 9000 biomolec-
ular imager (GE Healthcare Life Sciences). Quantification
of band signal was plotted in GraphPad Prism v. 7.0 (34).

Site-directed mutagenesis of ExoG

To generate single-point mutation constructs, the pET28a-
ExoG plasmid was used as template for site-directed mu-
tagenesis by a QuikChange Site-Directed Mutagenesis Kit
(Agilent). Oligonucleotides (Mission Biotech) were de-
signed as shown below (codons are underlined and mutated
sites are in bold):

5′-GGTCACGAGGAGCCATGGCTCCAGCAGG
AAATAAC-3′ (forward primer for H140A);

5′-AGCCATGGCTCCTCGTGACCACCCACTTCC-
3′ (reverse primer for H140A);

5′-GGACACCGCTAAGCTCCTGGATTTCC-3′ (for-
ward primer for C299A);

5′-GGAGCTTAGCGGTGTCCACAGAGCAG-3′ (re-
verse primer for C299A);

5′-GGATATTGGGCCAGAATAGAAATGTACTGT
CGAGAGCTGAC-3′ (forward primer for N176A);

5′-GTACATTTCTATTCTGGCCCAATATCCAGA
ATTATTATCAAAATCC-3′ (reverse primer for N176A);

5′-TGCCTCAGGATGCGGATAATAATTCTGGAT
ATTGG-3′ (forward primer for F168A); and

5′-AATTATTATCCGCATCCTGAGGCACAATGTT
AGAAAGG-3′ (reverse primer for F168A).

Reverse phase liquid chromatography and mass spectrometry
analysis of ExoG cleavage products

For identifying the primary cleavage products of ExoG in
degrading the R2-DNA/DNA duplex substrate, 100 �M
of the substrate was incubated with 6.25 �M of wild-type
ExoG in a 20 �L reaction buffer containing 100 �g mL−1

bovine serum albumin (BSA), 10 mM HEPES pH 7.4, 150
mM NaCl and 2.5 mM MgCl2 at 37◦C. Reactions were
stopped at the indicated time-points by adding 20 �L of
2X TBE/urea sample buffer (178 mM Tris, 178 mM boric
acid, 4 mM EDTA, pH 8.0, 24% ficoll and 14 M urea) and

heating at 65◦C for 20 min. The reactions were then cen-
trifuged at 13,500 rpm for 10 min. The supernatant was
diluted with HPLC-grade water to make a 50 �L sam-
ple for liquid chromatography (LC) analysis. LC separa-
tion of the ExoG reaction products was achieved on a Phe-
nomenex Luna 5 �m C18(2) 100 Å column (4.6 × 250 mm)
with an AKTA pure liquid chromatography system (GE
Healthcare Life Sciences) at room temperature. LC solvent
A consisted of 10 mM ammonium acetate and 0.1% (v/v)
acetic acid, whereas LC solvent B was pure HPLC-grade
methanol. The injected sample was separated and eluted
with 0% LC solvent B (12.45 mL), followed by 0 to 10% sol-
vent B (12.45 mL) and 10 to 80% solvent B (41.50 mL), with
a flow rate of 0.6 mL/min. Signals from nucleotides were
detected by their absorbance at 254 nM. Elutions were col-
lected and subjected to mass spectrometry (MS) analysis.
MS analyses were conducted by an Autoflex III MALDI-
TOF/TOF mass spectrometer (Bruker Daltonik, Bremen,
Germany) with a matrix consisting of 2,3,4-THAP (trihy-
droxyacetophenone), 2,4,6-THAP and ammonium citrate.

Crystallization, X-ray diffraction data collection and struc-
ture determination

For co-crystallization with ExoG-H140A protein, the 12-
bp dsDNA was prepared by annealing a 12-nt palindromic
DNA (Figure 3D). The RNA/DNA hybrid and chimeric
R2-DNA/DNA duplexes were prepared by annealing a 12-
nt RNA or chimeric R2-DNA chain with a complementary
DNA chain, respectively (Figure 3E and F). Annealing was
performed in annealing buffer (20 mM Tris-HCl pH 7.0 and
70 mM NaCl) by heating the sample at 95◦C for 5 min, 30◦C
for 10 min and 20◦C for 10 min. Purified ExoG-H140A was
mixed with the respective substrates in a 1:1.2 molar ratio
of protein to substrate, with a final protein concentration of
8 mg mL−1. We added 2 mM MgCl2 to the protein-DNA
solution to produce the final crystallization samples. Crys-
tallization was conducted by the hanging drop vapor diffu-
sion method at 4◦C, with the initial drops containing 1 �L
of the crystallization sample mixed with 1 �L of reservoir
solution. The reservoir solutions for growing the three com-
plex crystals were as follows: ExoG–DNA complex crystals
- 0.1 M Bis–Tris pH 6.5 and 20% [w/v] PEG 1,500; ExoG–
RNA/DNA complex crystals - 0.1 M MES pH 6.0 and 22%
[v/v] PEG 400; ExoG–R2 complex crystal - 0.2 M magne-
sium formate dehydrate and 20% [w/v] PEG 3,350. These
crystals grew within one to two weeks. For data collection,
crystals were transiently soaked with reservoir solution con-
taining a higher precipitant concentration and 25% [v/v]
glycerol before being quickly cooled in liquid nitrogen.

X-ray diffraction data were collected at TPS beamline
05A and TLS beamline 15A, National Synchrotron Radi-
ation Research Center (NSRRC), Taiwan. Diffraction data
were processed with the HKL2000 program suite (35). The
three structures were solved by molecular replacement us-
ing Phaser in the PHENIX program suite (36). For each
structure, the resultant model from Phaser was subjected
to an initial refinement in PHENIX (37), giving an ini-
tial R-free of 0.38, 0.37 and 0.35 for the ExoG–DNA,
ExoG–RNA/DNA and ExoG–R2 complex structures, re-
spectively. These initial models were then subjected to cy-



5408 Nucleic Acids Research, 2019, Vol. 47, No. 10

cles of manual model building using Coot (38) and refine-
ment by PHENIX. The final structural models fit well with
composite omit electron density maps, except for the Wing
domain of ExoG in the ExoG–R2 complex structure that re-
vealed ill-defined electron densities, likely due to the crystal-
packing environment. Detailed statistics for our X-ray data
and structure refinements are listed in Supplementary Table
S2. The conformation of the bound substrates in the struc-
tures were analyzed in the w3DNA server (39) and are listed
in Supplementary Table S3. All structural figures presented
in this report were generated using PyMOL (40).

Fluorescence polarization-binding assay

The FAM-labeled substrates (10 nM) were mixed with
serially-diluted catalytically dead ExoG mutants in a 40
�L reaction containing 10 mM HEPES pH 7.4, 150 mM
NaCl and 2.5 mM MgCl2. Fluorescence polarization sig-
nal was measured by a SpectraMax Paradigm Multi-Mode
Microplate Reader (Molecular Devices) with excitation at
485 nM and emission at 535 nM. Intensities of the light
detected in the parallel (I||) and perpendicular (I⊥) planes
with respect to the excitation light were used to calculate
anisotropy (A) (41):

A = I‖ − I⊥/I‖ + 2I⊥
Data were fitted to one site-specific binding curve (hyper-

pola) equation using GraphPad Prism v. 7.0 (34).

RESULTS

ExoG preferentially removes the 5′-end RNA dinucleotide in
an RNA–DNA chimeric duplex

Little is known regarding ExoG’s RNA-degrading activ-
ity, so we firstly examined if ExoG could process RNA in
an RNA/DNA hybrid duplex. To assay its 5′-3′ exonucle-
ase activity, we employed 3′-end fluorescein (FAM)-labeled
oligonucleotides in nuclease activity assays (sequences listed
in Supplementary Table S1). As ExoG preferentially binds
and processes DNA with a 5′-end monophosphate group
(30), we added a phosphate group to all of the oligonu-
cleotide probes used in our biochemical studies. These as-
says showed that ExoG efficiently degraded both single-
stranded (ss) RNA and DNA from the 5′ end, as revealed
by gradual shortening of the 20-nucleotide (nt) substrate
in a time-dependent manner (Figure 1A, lanes 1–10). We
then prepared the RNA/DNA hybrid duplex by annealing
the 3′-FAM-labeled 20-nt ssRNA probe with a complemen-
tary 20-nt ssDNA, and found that ExoG indeed degraded
the RNA strand from the 5′ end in the RNA/DNA duplex
(lanes 11–14). More importantly, ExoG degraded the hy-
brid substrate by removing two RNA nucleotides at a time,
evidenced by the immediate appearance of the 18-nt band
and the absence of a 19-nt band in the time-course experi-
ments.

The replication intermediates generated by RNase H1 are
RNA–DNA chimeric strands with an RNA dinucleotide at-
tached to the 5′ end of the nascent DNA. To further ex-
amine ExoG’s substrate preference, we designed an RNA–
DNA chimeric strand comprised of a 5′-end RNA din-
ucleotide linked to an 18-nt DNA with a 3′-FAM. This

chimeric RNA–DNA strand was annealed to a 46-nt DNA
strand, forming a 20-bp duplex region along with a 26-nt 3′
overhang (referred to as R2-DNA/DNA), thereby mimick-
ing the intermediate product left by RNase H1 during mi-
tochondrial RNA primer removal (Figure 1B and Supple-
mentary Table S1). To prevent ExoG from degrading at the
5′ end of the 46-nt DNA, the strand was labeled with a 5′-
end biotin moiety and further capped by NeutrAvidin in the
reaction condition. For comparison, a similar 3′-end FAM-
labeled DNA duplex and an RNA/DNA hybrid duplex, re-
ferred to as DNA/DNA and RNA/DNA respectively, were
also prepared.

Under the conditions of excess substrates (100 nM sub-
strate versus 25 nM of ExoG), our result showed that
ExoG was most efficient at removing the 5′-end RNA din-
ucleotide from R2-DNA/DNA, as evidenced by the signif-
icantly faster diminishing of the substrate band and faster
emergence of the 18-nt product (Figure 1B, lanes 1–6), rel-
ative to DNA/DNA (lanes 7∼12) and RNA/DNA (lanes
13–18) degradation in a parallel time-course experiments.
The generation of 5′-end RNA dinucleotide as ExoG’s pri-
mary cleavage product from R2-DNA/DNA was further
confirmed by liquid chromatography and mass spectrom-
etry (MS) analysis, which showed a major m/z peak of
669.15, corresponding to the theoretical molecular weight
of 5′-end dinucleotide pGpC in the MS analysis (see Supple-
mentary Figure S1). The above observations thus demon-
strated that ExoG is capable of excising the 5′-end RNA din-
ucleotide by one catalytic event. To represent the cleavage
efficiency of the first cut, we quantified the early (at 15 min)
18-nt products generated from the three substrates. This
analysis showed that, in a same period, ExoG produced ∼6-
fold more 18-nt product from R2-DNA/DNA than from
the DNA/DNA substrate, and 3-fold more of this product
than from the RNA/DNA substrate (Figure 1C). This re-
sult demonstrates that ExoG indeed preferentially removes
the 5′-end RNA dinucleotide at the junction of RNA–DNA
in a chimeric hybrid duplex.

Moreover, we noticed that RNA/DNA duplexes were the
most resistant substrate to ExoG in the time-course exper-
iment in comparison to R2-DNA/DNA and DNA/DNA
duplexes, as the latter two substrates were gradually de-
graded into small fragments upon further incubation (Fig-
ure 1B). This observation suggests that ExoG alone is not
sufficient to remove the long RNA primer during mtDNA
replication, in agreement with the essential role of RNase
H1 in processing RNA primer during mtDNA replication
(9,11,23). More importantly, our results reveal that ExoG
could further degrade the DNA strand after excising the
RNA dinucleotide (Figure 1B, lanes 1–6), implying that be-
sides cleaving away the RNA dinucleotide, ExoG might also
play a role in processing the nascent DNA up to the OriH
during H-strand replication.

We next examined if ExoG could process R2-
DNA/DNA duplex primed with an additional upstream
DNA strand mimicking the approaching 3′-end of nascent
DNA during mtDNA replication. By annealing the
R2-DNA/DNA duplex with additional upstream oligonu-
cleotides (see Figure 2), we found that ExoG displayed
similar efficiency on removing the 5′-end RNA dinucleotide
with or without a 3, 2 or 1-nt gap (lanes 1–24), and showed
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Figure 1. ExoG preferentially removes 5′-end RNA dinucleotide in an RNA–DNA chimeric duplex. (A) Time-course nuclease activity assays of wild-type
ExoG (50 nM) degrading the 3′-end FAM-labeled 20-nt ssRNA, ssDNA and 20-bp RNA/DNA hybrid duplex substrates (100 nM). The 18-nt RNA
and DNA markers are shown at the sides of the gel. (B) Time-course nuclease activity assays of wild-type ExoG (25 nM) degrading R2-DNA/DNA,
DNA/DNA and RNA/DNA substrates (100 nM). Markers for 18-nt DNA and RNA are displayed on either side of the gels. DNA substrates are labeled
with FAM (marked as circled F) at 3′ end for detection, and/or biotin at 5′ end (marked as B) for capping with NeutrAvidin in the reaction condition to
block the activity of ExoG. (C) Quantification of the 18-nt product generated from R2-DNA/DNA, DNA/DNA and RNA/DNA substrates by wild-type
ExoG at 15 min. Error bars represent the standard errors from at least four replicates of the experiment. Statistical significance (P values) was determined
by an unpaired two-tailed Student’s t-test, with **** representing P < 0.0001.
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Figure 2. ExoG removes the 5′-end RNA dinucleotide in gap DNA duplexes. Time-course nuclease activity assays show that wild-type ExoG (25 nM)
degraded R2-DNA/DNA (lanes 1–6) and R2-DNA/DNA annealed with additional 3′-end upstream DNA strands (displayed in blue) to produce DNA
substrates with 3-, 2- or 1-nt gap (lanes 7–24). ExoG had limited activity in degrading the nick duplex substrates (100 nM) (lanes 25–30). Markers for 18-nt
DNA is displayed on both side of the gels. DNA substrates are labeled with FAM (marked as circled F) at 3′ end for detection, and/or biotin at 5′ end
(marked as B) for capping with NeutrAvidin in the reaction condition to block the activity of ExoG.

limited activity with a nick (lanes 25–30). This result thus
further supports the idea that ExoG could process the
5′ end of nascent DNA in the circumstance of mtDNA
replication.

Crystal structure of ExoG–DNA complex reveals a B-to-A
conformational transition flanking ExoG’s cleavage site

To reveal the structural basis of ExoG’s substrate prefer-
ence, we set out to crystallize human ExoG in complex with
different types of substrates. We first crystallized ExoG with
a 12-bp dsDNA, herein referred to as the ExoG–DNA com-
plex. The catalytically-inactive ExoG-H140A mutant was
expressed in E. coli as a soluble homodimer and purified
to homogeneity by chromatography. It was co-crystallized

with a palindromic 12-bp DNA duplex with 5′-OH and 3′-
OH ends. The crystal structure of the ExoG–DNA complex
was determined by molecular replacement at a resolution of
2.3 Å and comprised a homodimer in one asymmetric unit,
with each protomer bound to one DNA duplex (Supple-
mentary Table S2 and Supplementary Figure S2A).

As a 5′-3′ exonuclease, ExoG interacts with the blunt-
end DNA by capping one end of the duplex where it forms
extensive interactions with the 5′ end of the scissile strand
flanking its cleavage site, i.e. nucleotides –2 to +1 (Supple-
mentary Figure S3A). Intriguingly, ExoG induces a local
B-to-A duplex conformational change on the bound DNA
around its cleavage site (Figure 3D), similar to what has
been observed in the previously solved complex structure
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Figure 3. Crystal structures of human ExoG in complex with DNA, RNA/DNA hybrid and RNA–DNA chimeric duplexes reveal its preference for binding
an A-form duplex. (A) Domain organization of human ExoG, comprising MLS (mitochondrial localization sequence), NTD (N-terminal domain), nuclease
core (in grey), and C-terminal Wing domains. The active site of ExoG is located in the ���-metal motif (in purple), with a signature SRGH sequence. (B)
The crystal structure of the ExoG–R2 complex. Each protomer of the ExoG dimer is bound with one R2-DNA/DNA duplex. Protomer-1 is shown as a
cyan ribbon model, whereas protomer-2 is displayed as a surface model and colored according to panel A. (C) Enlarged view of protomer-2 in panel B.
The –2 and –1 ribonucleotides that are embedded in the substrate-binding groove are colored and labeled in red, and the other deoxyribonucleotides in
the chimeric scissile strand are in black. The non-scissile DNA strand is colored in grey. (D–F) Enhanced view of the bound substrate in the three solved
structures generated in this study. Blue meshes represent composite omit electron density maps (2mFo – DFc, � = 1.0) of the bound duplexes calculated
by PHENIX (37). Ribonucleotides and deoxyribonucleotides are respectively colored in red and black. (G–I) Enhanced view of the active site in ExoG–
DNA, ExoG–RNA/DNA and ExoG–R2 complex structures, respectively. Dotted lines show the coordination of catalytic Mg2+ with N171 and the scissile
phosphate (green), N176- and N171-mediated RNA-specific interactions (red), and interaction between R314 and the 5′-phosphate (gray). In all panels,
black scissors indicate ExoG’s cleavage site.
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(30). A close examination of the local base-pair step pa-
rameters, local base-pair helical parameters, and phospho-
rus positions show that the three 5′-end nucleotides (–2 to
+1) have increased slide, roll, x-displacement (dx), inclina-
tion (�), zp and zp(h), but decreased helical twist as com-
pared to those of a B-form DNA (see Supplementary Table
S3) (42,43). These three nucleotides also primarily bear a
C3′-endo sugar-pucker conformation, a characteristic fea-
ture of an A-form duplex. All of these analytical results
suggest that the three 5′-end nucleotides (–2, –1 and +1)
have an A-form like conformation, but the rest of the nu-
cleotides (+3 to +10) have a B-form conformation. The 12-
bp DNA in our ExoG–DNA complex has a sequence and
length that differs from the 10-bp DNA employed in the
previously reported ExoG–DNA complex (30), indicating
that this ExoG-induced B-to-A conformational change is
a general phenomenon irrespective of DNA sequences and
lengths. This observation supports that ExoG may pref-
erentially bind and cleave an A-form duplex, such as an
RNA/DNA hybrid duplex instead of a B-form DNA du-
plex.

Crystal structures of ExoG bound with an RNA/DNA hybrid
and a chimeric duplex reveal its preference for binding an A-
form duplex

To further investigate the molecular basis for ExoG’s
substrate preference, we next co-crystallized ExoG with
an RNA/DNA hybrid duplex (referred to as ExoG–
RNA/DNA complex) and an RNA–DNA chimeric duplex
containing two RNA nucleotides fused at the 5′-end of a
DNA duplex (referred to as ExoG–R2 complex, see Figure
3E and F). As ExoG prefers to bind a nucleic acid strand
with a 5′-end phosphate (5′-P) (30), we ensured that the
RNA strand of the two substrates carried a 5′-P, whereas the
complementary DNA strand carried a 5′-OH, to facilitate
homogeneous ExoG binding. The two ExoG complex crys-
tal structures were determined by molecular replacement at
a resolution of 2.8 and 3.0 Å, respectively (Supplementary
Table S2).

In the ExoG–RNA/DNA complex structure, one asym-
metric unit contained one ExoG dimer bound with two
RNA/DNA duplexes (Supplementary Figure S2B). The
composite omit electron density maps clearly revealed that
the RNA strand was the scissile strand with its 5′-end bound
in the active site, featuring a bump on the sugar pucker
representing the 2′-OH group (Figure 3E). The 5′ end of
the RNA/DNA hybrid duplex was anchored by the nucle-
ase domain and Wing domain in a way similar to that of
the ExoG–DNA complex (Supplementary Figures S2B and
S3B), but the hybrid RNA/DNA duplex was apparently fat-
ter and shorter compared to the DNA duplex in the ExoG–
DNA structure. As expected, the RNA/DNA hybrid du-
plex adopted a typical A-form conformation (Supplemen-
tary Table S3).

The chimeric ExoG–R2 complex contained two dimeric
ExoG–R2 complexes per asymmetric unit in the P1 unit cell.
The three 5′-end nucleotides (–2 to +1) that were bound
tightly in the active site all had well-defined electron den-
sity maps in the four asymmetric protomers. Importantly,
the composite omit electron density maps clearly revealed

that the R2-DNA chimeric strand was bound as the scis-
sile strand, demonstrated by the electron density of the 5′-
P and the bump on the sugar pucker representing the 2′-
OH group of nucleotides –2 and –1 (Supplementary Figure
S2C). As expected, the three proximal base pairs (located
close to the active site of ExoG) of the chimeric substrate
adopted an A-form conformation (Figure 3F and Supple-
mentary Table S3). However, the distal regions of the bound
chimeric substrate were flexible, with an ill-defined electron
density, likely due to the crystal packing environments ren-
dering it difficult for 3DNA to assign their conformations
definitively.

In both the ExoG–RNA/DNA and ExoG–R2 complex
structures, the two 5′-end RNA nucleotides (nucleotides –2
and –1) of the scissile strand are embedded deeply in the
substrate-binding groove adjacent to the catalytic site of
the ���-metal motif (Figure 3A–C). The 5′-P of the scis-
sile strand is well anchored by two basic residues, K148 and
R314 (Supplementary Figures S3B and S3C), and the phos-
phodiester bond between the –1 and +1 nucleotides is lo-
cated close to the catalytic Mg2+, making the two 5′-end
RNA nucleotides (–2 and –1) primed for cleavage (Figure
3E and F). Hence, ExoG can ‘measure’ the distance between
the 5′-P and the scissile phosphate to produce an RNA dinu-
cleotide rather than a mononucleotide as the cleavage prod-
uct (30). Importantly, in the three ExoG complex struc-
tures, the three proximal base pairs of the bound duplexes
all adopt an A-form conformation, suggesting that ExoG
intrinsically prefers to bind and cleave an A-form duplex
(Figure 3D–F and Supplementary Table S3).

ExoG preferentially recognizes two RNA nucleotides and one
DNA nucleotide flanking its cleavage site by conserved Asn
and Phe residues

Comparing the three ExoG complex structures determined
in this study, we found additional interactions mediated by
residues N176 and N171––which interact respectively with
the 2′-OH groups of the –2 and –1 RNA nucleotides––in
the ExoG–RNA/DNA and ExoG–R2 complex structures,
thereby establishing specific protein-RNA interactions on
the scissile strand (Figure 3G–I). Both N171 and N176 re-
side in the �3 helix of the ���-metal motif and are strictly
conserved in ExoG (Supplementary Figure S4). This find-
ing strongly suggests that ExoG is capable of recogniz-
ing the two ribonucleotides upstream of the cleavage site,
thus conferring on ExoG a catalytic preference for R2-
DNA/DNA over DNA/DNA substrate. As N171 directly
coordinates to the catalytic Mg2+ that is presumably critical
for catalytic activity, we chose to mutate N176 to alanine to
verify its role in directing the specific protein-RNA interac-
tion. As expected, the resultant ExoG-N176A mutant gen-
erated the 18-nt product from R2-DNA/DNA only slightly
faster––approximately 1.5-fold compared to the 6-fold dif-
ference by wild-type ExoG––than it did from DNA/DNA
(Figure 4A and B), indicating that disrupting one of the
RNA-specific interaction partially abrogated the preference
for processing the 5′-end RNA dinucleotide. This observa-
tion supports the role of the conserved asparagine, N176, in
specifically recognizing ribonucleotides in ExoG’s cleavage
site.
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Figure 4. ExoG preferentially recognizes two RNA nucleotides and one DNA nucleotide flanking its cleavage site by conserved Asn and Phe residues.
(A) Time-course nuclease activity assays of the ExoG-N176A mutant (1.25 nM) degrading R2-DNA/DNA, DNA/DNA and RNA/DNA substrates (100
nM). Markers for 18-nt DNA and RNA are displayed on either side of the gels. DNA substrates are labeled with FAM (marked as circled F) at 3′ end for
detection, and/or biotin at 5′ end (marked as B) for capping with NeutrAvidin in the reaction condition to block the activity of ExoG. (B) Quantification of
the 18-nt product generated by the ExoG-N176A mutant at 5 min. Error bars represent the standard errors from at least four replicates of the experiment.
Statistical significance (P values) was determined by an unpaired two-tailed Student’s t-test, with **** representing P < 0.0001 and *** representing P <

0.001. (C) Superimposition of the active site in the three solved structures in this study. Capital letter P highlights the position of the scissile phosphate. (D)
Schematic model showing that ExoG specifically recognizes the RNA–DNA junction in a chimeric RNA/DNA hybrid duplex. The deep substrate-binding
groove accommodating the –2 and –1 nucleotides is shaded in cyan. (E–G) Enlarged view of the catalytic Mg2+ in the three solved structures generated in
this study. Green and orange meshes show the omit electron density maps (mFo – DFc) of Mg2+ and the scissile phosphate (labeled with a capital letter
P), respectively. The map contour (�) is at 11.0 for the ExoG–DNA complex and at 8.0 for the ExoG–R2 and ExoG–RNA/DNA complexes. Dotted lines
represent the distance between Mg2+ and the scissile phosphate (black), Mg2+ coordination (green), and interaction between O� of N171 and the 2′-OH
group of the –1 ribonucleotide (red). In all panels, black scissors indicate the ExoG cleavage site.
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Although ExoG favors RNA in its active site, it dis-
plays very limited activity toward RNA/DNA hybrid du-
plex (Figure 1B, lanes 13–18 and C), implying that it is able
to discriminate a ribonucleotide downstream of its cleavage
site (at the +1 site). By close examination of our three solved
structures, we noticed that a bulky phenylalanine residue,
F168, is positioned right above the sugar pucker of the +1
site nucleotide (Figure 3G–I). Importantly, in the ExoG–
RNA/DNA structure, F168 was slightly pushed away by
the 2′-OH group of the +1 RNA nucleotide compared to its
position in the other two structures (Figure 4C), suggesting
that F168 might serve as a blocker for a RNA nucleotide
at the +1 site. More importantly, F168 is strictly conserved
in ExoG across species (Supplementary Figure S4), and it
forms a CH-	 interaction (44) with residue S137 of the sig-
nature sequence SRGH in ExoG proteins (Supplementary
Figure S5A and B). Thus, the S137/F168 residue pair distin-
guishes ExoG proteins from those of EndoG, with these lat-
ter instead bearing a residue pair of D145/R181 that forms
a salt bridge at the corresponding position (Supplementary
Figure S5C). These observations strongly suggest that F168
is functionally important to ExoG.

To assay the function of F168, we constructed an inactive
ExoG-H140A/F168A double mutant, and found it bound
RNA/DNA (Kd = 0.25 �M) with an affinity approxi-
mately 13-fold higher than that for R2-DNA/RNA (Kd =
3.15 �M), indicating that the mutant had a high preference
for RNA/DNA over R2-DNA/RNA substrates (Table 1
and Supplementary Figure S6). In contrast, ExoG-H140A
only bound RNA/DNA with a 5-fold higher affinity than
that for R2-DNA/RNA, i.e. it exhibited a lower preference
than ExoG-H140A/F168A for the RNA/DNA substrate.
This result suggests that F168A mutation enhances prefer-
ential binding of ExoG to the RNA/DNA substrate with
a ribonucleotide at the +1 site (as compared to the R2-
DNA/DNA substrate with a deoxyribonucleotide at the
+1 site), so F168 indeed contributes to the substrate bind-
ing preference of ExoG. However, replacing F168 with ala-
nine had no significant effect on the cleavage activity of the
enzyme toward different types of substrates relative to the
wild-type enzyme (Supplementary Figure S5D). We suspect
that our nuclease activity assay was not sufficiently sensi-
tive to detect differences between wild-type ExoG and the
ExoG-F168A mutant in terms of their activities under the
assayed conditions. In addition, a close examination of the
previously solved ExoG–DNA complex (30) showing that
F168 could adopt an alternative side-chain conformation
shifting away from the +1 nucleotide site (Supplementary
Figure S5E), suggesting that ExoG might tolerate a ribonu-
cleotide at +1 site at certain conditions. Nevertheless, based
on sequence analysis, structural comparison and binding
affinity assays, we suggest that F168 contributes to the sub-
strate preference of ExoG.

Taken together, our results show that ExoG preferentially
recognizes the 5′-end RNA dinucleotide in an RNA–DNA
chimeric hybrid duplex via asparagine-mediated RNA-
specific interactions. With a bulky phenylalanine serving as
a structural barrier, ExoG is able to discriminate RNA from
DNA at the +1 site (Figure 4D). These observations sup-
port that ExoG displays optimal activity for recognizing

and cleaving an RNA dinucleotide at the RNA–DNA junc-
tion in a duplex substrate.

Fine-tuning ExoG’s enzymatic activity by modulating the
magnesium ion position and dinucleotide product release

To further investigate the molecular mechanism underlying
why ExoG cleaves R2-DNA/DNA most efficiently (Figure
1B and C), we compared the active sites of the three com-
plex structures and noticed that the side chain of N171,
one of the asparagine residues mediating RNA-specific in-
teractions, slightly tilted toward the scissile phosphate in
the ExoG–R2 complex (Figure 4C and E). Intriguingly,
this side-chain conformational change brought the N171-
coordinated catalytic Mg2+ closer to the scissile phosphate.
Through careful verification of the location of the scis-
sile phosphate (P) and catalytic magnesium ions (Mg2+)
by omit electron density maps, we measured the average
magnesium-phosphate (Mg-P) distances from four asym-
metric protomers in the ExoG–R2 complex structure, and
from two protomers respectively in the ExoG–DNA and
ExoG–RNA/DNA complex structures. We found that the
averaged Mg-P distance was reduced to ∼2.7 Å in the
ExoG–R2 complex, compared to 2.9 Å in the ExoG–DNA
complex, and 3.0 Å in the ExoG–RNA/DNA complex
(Figure 4E–G). Although the movements of Mg2+ atoms
were small in comparison to the average RMSD differ-
ences ranging from 0.21 to 0.27 Å among the C� atoms
of protomers from the three solved structures, these P and
Mg2+ atoms had strong peaks in the omit maps (respec-
tively ∼15 and 13 � in ExoG–DNA complex, and ∼13 and
8 � in the other two complexes), allowing precise deter-
mination of their atom positions. Accordingly, the Mg-P
distances observed in our crystal structures correlate well
with ExoG’s efficiency in cleaving the three correspond-
ing substrates used in the activity assay (Figure 1B)––the
RNA/DNA complex with the longest Mg-P distance was
cleaved least efficiently, whereas the R2-DNA/DNA com-
plex having the shortest Mg-P distance was cleaved most ef-
ficiently. A closer Mg2+ may polarize the scissile phosphate
better, thereby promoting substrate hydrolysis more effi-
ciently. The tilting N171 may therefore act as a fine-tuning
mechanism for optimal activity of ExoG and might partly
explain this enzyme’s poor activity toward RNA/DNA hy-
brid substrates.

Moreover, we noticed that the ExoG-N176A mutant
not only partially lost its preference for cleaving R2-
DNA/DNA over DNA/DNA (Figure 4A), but it also
had ∼20-fold higher overall catalytic activity than wild-
type ExoG, as 1.25 nM of ExoG-N176A achieved a sim-
ilar cleavage efficiency to 25 nM wild-type enzyme with
regard to substrate degradation (Figure 1B). This in-
creased enzymatic activity was not due to changes in
substrate-binding affinity, since the catalytically-inactive
ExoG-H140A/N176A double mutant exhibited no signif-
icant difference in binding affinities to the three assayed
substrates compared to those of the ExoG-H140A mu-
tant (Table 1 and Supplementary Figure S6). A similar
phenomenon was also observed previously in mutation of
the 5′-P-interacting residue R314 to alanine that reduced
ExoG’s substrate-binding affinity but increased its overall
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Table 1. The binding affinity between ExoG and various nucleic acid substrates as measured by fluorescence polarization

ExoG Substrate Kd (�M)a Kd fold-changeb

H140A R2-DNA/DNA 1.03 ± 0.086 5.42
DNA/DNA 1.32 ± 0.079 6.95
RNA/DNA 0.19 ± 0.010 1.00

H140A/N176A R2-DNA/DNA 0.93 ± 0.063 7.75
DNA/DNA 0.95 ± 0.063 7.92
RNA/DNA 0.12 ± 0.008 1.00

H140A/F168A R2-DNA/DNA 3.15 ± 0.259 12.60
DNA/DNA 3.93 ± 0.188 15.72
RNA/DNA 0.25 ± 0.014 1.00

aThe best-fit Kd values acquired from three replicates of the experiment as shown in Supplementary Figure S6.
bFold-change in Kd value compared to RNA/DNA substrate for each ExoG mutant.

catalytic activity. A slow product release mechanism was
hence proposed for ExoG (30), whereby residues that rec-
ognize the substrate dinucleotide may concurrently con-
tribute to product retention, therefore slowing down the
turnover rate of the enzyme. As N176A mutation dimin-
ishes the interplay with the RNA dinucleotide product, it
could increase the overall activity of the mutant by acceler-
ating product release. Accordingly, in the ExoG–R2 com-
plex structure, the distance between the O� of the tilting
N171 and the 2′-OH group of the –1 ribonucleotide was
increased to 3.5 Å (Figure 4E), as compared with a dis-
tance of 2.6 Å in the ExoG–RNA/DNA complex (Figure
4G). Such a weakened interaction with the leaving RNA
dinucleotide product might further promote ExoG’s cat-
alytic activity toward the R2-DNA/DNA substrate (Fig-
ure 1B). Consequently, we suggest that ExoG’s enzymatic
activity is not only regulated by optimal substrate recog-
nition but also fine-tuned by Mg-P distance and protein-
substrate/product interactions that modulate the release
rate of the dinucleotide product. As a result, ExoG is most
efficient at removing two RNA nucleotides from an RNA–
DNA chimeric duplex.

A flexible C-terminal Wing domain allows ExoG to bind di-
verse substrates

Superimposition of our three solved structures shows that
the nucleotides from the –2 to +1 sites in the scissile strand
are well aligned (Figure 4C) and all adopt an A-form con-
formation. In contrast, ExoG can accommodate either an
A- or B-form conformation for the rest of the bound du-
plexes (Figure 5A). This flexibility is facilitated by an elastic
Wing domain, which is loosely linked to the nuclease core by
a ‘hinge loop’ (residues 297–302) (Figure 5B). As revealed
by complex structure superimposition, the Wing domain
adopts a more open conformation when it encounters an A-
form duplex but a more closed conformation when bound
with a B-form duplex, with the backbone of the non-scissile
strand being well-anchored by the basic residues across the
surface of the Wing domain in both conformations (Figure
5C and D). Deletion of the C-terminal Wing domain from
ExoG largely impairs its 5′-3′ exonuclease activity (30). Ac-
cordingly, our crystal structures suggest that the Wing do-

main plays a critical role in optimizing the substrate binding
of ExoG and allows flexibility toward different substrates.

Among the available crystal structures of ExoG, we no-
ticed a disulfide bond mediated by two conserved cysteine
residues (C294 and C299) in the hinge loop (Figure 5E and
Supplementary Figure S7A). However, mutation of C299
to alanine did not cause notable changes either in substrate
binding or in enzymatic activity (Supplementary Figures
S7B–D). Therefore, we conclude that the disulfide bond in
the hinge loop has no or very limited contribution to Wing
domain positioning and substrate preference. In summary,
our structural analyses support that ExoG is able to pro-
cess structurally diverse substrates due to its flexible Wing
domain, i.e. a B-form DNA duplex with a gap during BER
or an A/B-form RNA–DNA/DNA hybrid region during
mtDNA replication.

DISCUSSION

ExoG is suggested to play a role in mitochondrial BER, ex-
erting its 5′-3′ exonuclease activity at the abasic or blocking
site and generating ligatable ends to restore DNA integrity
(24,45). ExoG directly removes two 5′-end nucleotides from
a gap DNA substrate without a flap region (24,30), so it not
only removes the 5′-blocking moiety but also generates opti-
mal substrates with gaps of at least two nucleotides for sub-
sequent gap-filling synthesis by Pol� , which is catalytically
ineffective at a single-nucleotide gap (26). ExoG can thus
process 5′-end DNA in a flap-independent manner during
mtDNA repair.

Here, we show that ExoG preferentially removes an RNA
dinucleotide at the junction of RNA and DNA in a du-
plex with an A-form conformation flanking its cleavage site
(see the optimal substrate for ExoG in Figure 4D). ExoG
is thus equipped with a unique ability to remove the re-
maining RNA dinucleotide generated by RNase H1 in a
flap-independent manner during mtDNA replication. As
revealed by the crystal structure of the ExoG–RNA/DNA
and ExoG–R2 complexes, the two asparagine residues
N171 and N176 mediate the RNA-specific interactions by
interacting respectively with the 2′-OH groups of the –
1 and –2 nucleotides upstream of the cleavage site, while
the phenylalanine residue F168 favors a DNA nucleotide
downstream (+1 nucleotide) of the cleavage site. Abolishing



5416 Nucleic Acids Research, 2019, Vol. 47, No. 10

Figure 5. A flexible C-terminal Wing domain allows ExoG to bind diverse substrates. (A, B) Superimposition of the ExoG–RNA/DNA (in blue) and ExoG–
DNA (in yellow) complexes, focusing on the bound substrates (A) and C-terminal Wing domain (B). In A, the well-aligned –2 to +1 nucleotides that adopt
the A-form conformation are labeled in red. (C, D) Interaction between the non-scissile DNA strands and the Wing domains in the ExoG–RNA/DNA
(blue) and ExoG–DNA (yellow) complexes. (E) Superimposition of available structures of ExoG. The Wing domains of the respective structures are colored
as follows: ExoG–RNA/DNA structure (blue; pdb ID: 5ZKJ, this study); ExoG–DNA structure (yellow; pdb ID: 5ZKI, this study); ExoG–DNA structure
(magenta; pdb ID: 5T5C) (30); and ExoG apo-form structure (green; pdb ID: 5T40) (30). The disulfide bond (labeled as S = S) formed between C294 and
C299 in all structures is shown as sticks. In all structures, the enzyme core domain (in gray) was used for protein secondary structure superimposition.

the interaction mediated by N176 partially impairs ExoG’s
preference for the RNA–DNA junction (Figure 4A and B),
but it concurrently increases the enzyme’s catalytic activity
due to an increased rate of product (i.e. RNA dinucleotide)
release. In addition, we observed a loosened interaction be-
tween N171 and the –1 nucleotide only in the ExoG–R2
complex, which correlates with the better catalytic activ-
ity of ExoG toward R2-DNA/DNA substrate (Figure 4E).
These observations suggest that the interactions between
ExoG and the RNA dinucleotide not only contribute to op-
timal substrate recognition but also to product retention
and overall enzymatic activity, so ExoG’s activity is deli-
cately fine-tuned for cleavage at the junction of RNA and
DNA in a chimeric hybrid duplex.

The current model of RNA primer removal in mito-
chondria involves three flap-processing enzymes––FEN1,

DNA2 and MGME1, but many unanswered questions re-
garding their actions remain. FEN1 processes short flaps
and is capable of processing both RNA and DNA flaps,
so it has been proposed to work with Pol� to remove the
RNA primer (8,23). Due to the essential role of FEN1 in
nuclear DNA replication, FEN1-null mice exhibit embry-
onic lethality and die before initiating replication of new
mtDNA copies from the maternal pool (46), making it dif-
ficult to evaluate the function of FEN1 in mtDNA repli-
cation. As yet, there is no evidence to show that FEN1
is linked to any kind of mtDNA deficiency in higher eu-
karyotes (8). In contrast, mutations in either DNA2 or
MGME1 are linked to mitochondrial disorders and human
diseases (21,47). However, neither DNA2 nor MGME1 can
process RNA and both require a ssDNA region for sub-
strate binding (21,22,25,48)––at least a 10-nt ssDNA flap



Nucleic Acids Research, 2019, Vol. 47, No. 10 5417

Figure 6. Model of the ExoG-mediated RNA primer removal process during mtDNA replication. RNase H1 degrades most of the long RNA primers
but leaves two RNA nucleotides (2-RNA-nt) at the 5′ end of the newly synthesized DNA during H-strand replication. The two RNA nucleotides could
be displaced by Pol� and then resolved by FEN1, DNA2 and/or MGME1 in a flap-dependent manner. Alternatively, ExoG removes this 5′-end RNA
dinucleotide from the hybrid duplex in a flap-independent manner. RNA primers are represented by red lines. Template and newly synthesized DNA are
shown as black and blue lines, respectively. Black scissors indicate enzyme cleavage sites.

for DNA2 (49) and an optimal ∼15-nt ssDNA for MGME1
(22). Moreover, Pol� bears low strand displacement syn-
thesis activity and stalls upon encountering a duplex re-
gion (22,26,27). Consequently, in an in vitro-reconstituted
mtDNA replication experiment, MGME1 in concert with
Pol� exhibited only a limited ability to produce ligatable
ends for DNA rejoining when there was no pre-formed 5′-
flap primed with the DNA template and, notably, it showed
no ability to resolve the RNA primer when the template was
primed with a 5′-RNA dinucleotide (22). Based on this sce-
nario, ExoG possesses the unique activity of removing an
RNA dinucleotide linked to the nascent DNA strand via
a flap-independent mechanism in mitochondria. Therefore,
we suggest that ExoG can work downstream of RNase H1
in the RNA primer removal process to remove the RNA
dinucleotide (Figure 6), providing an alternative pathway
aside by the FEN1-, DNA2 or MGME1-mediated flap-
dependent pathway. Nevertheless, ExoG-depletion in HeLa
cells caused accumulation of single-stranded DNA breaks
in mtDNA (24) but no significant perturbation on mtDNA
copy numbers (25), suggesting that these nucleases, ExoG,
FEN1, DNA2 and MGME1, might functionally compen-
sate for each other during mtDNA replication. Further in-
vestigations are required for dissecting the specific role of
these enzymes in mtDNA maintenance.

In conclusion, the present study reveals a previously un-
recognized mechanism for processing the nascent DNA
by ExoG during mtDNA replication. We demonstrate the
molecular mechanism of ExoG’s activity at the junction of
an RNA–DNA chimeric chain in RNA/DNA hybrid du-
plexes, which allows ExoG to readily remove the residual
RNA dinucleotide left by RNase H1 during mtDNA repli-
cation. Thus, not only have we identified a novel activity of
ExoG, but we also establish the molecular basis for ExoG’s

substrate preference. Our study discovers how this remark-
able enzyme processes DNA and RNA/DNA hybrid du-
plexes to maintain mitochondrial genome integrity.

DATA AVAILABILITY

The coordinates and structure factors have been deposited
to the Protein Data Bank with accession codes 5ZKI for
ExoG–DNA complex, 5ZKJ for ExoG–RNA/DNA com-
plex and 6IID for ExoG–R2 complex structures.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

Portions of this research were carried out at the National
Synchrotron Radiation Research Center, a national user fa-
cility supported by the Ministry of Science and Technology
of Taiwan. The Synchrotron Radiation Protein Crystallog-
raphy Facility is supported by the National Core Facility
Program for Biotechnology.
Author contributions: C.C.W. designed and performed the
experiments, including protein purification, crystallization,
biochemical and mutational studies. C.C.W. and L.R.J.L.
collected X-ray diffraction data and C.C.W. determined the
crystal structures. C.C.W. and H.S.Y. analyzed the data and
wrote the manuscript. H.F.Y.-Y. helped to analyze the data
and revised the manuscript.

FUNDING

Academia Sinica [AS-IA-105-L04 to H.S.Y.]; Ministry
of Science and Technology [107-2321-B-001-035-MY3 to

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz241#supplementary-data


5418 Nucleic Acids Research, 2019, Vol. 47, No. 10

C.C.W. and H.S.Y.], Taiwan, R.O.C. Funding for open ac-
cess charge: Academia Sinica.
Conflict of interest statement. None declared.

REFERENCES
1. Gustafsson,C.M., Falkenberg,M. and Larsson,N.G. (2016)

Maintenance and expression of mammalian mitochondrial DNA.
Annu. Rev. Biochem., 85, 133–160.

2. Bruni,F., Lightowlers,R.N. and Chrzanowska-Lightowlers,Z.M.
(2017) Human mitochondrial nucleases. FEBS J., 284, 1767–1777.

3. Young,M.J. and Copeland,W.C. (2016) Human mitochondrial DNA
replication machinery and disease. Curr. Opin. Genet. Dev., 38, 52–62.

4. Berk,A.J. and Clayton,D.A. (1974) Mechanism of mitochondrial
DNA replication in mouse L-cells: asynchronous replication of
strands, segregation of circular daughter molecules, aspects of
topology and turnover of an initiation sequence. J. Mol. Biol., 86,
801–824.

5. Kang,D., Miyako,K., Kai,Y., Irie,T. and Takeshige,K. (1997) In vivo
determination of replication origins of human mitochondrial DNA
by ligation-mediated polymerase chain reaction. J. Biol. Chem., 272,
15275–15279.

6. Pham,X.H., Farge,G., Shi,Y., Gaspari,M., Gustafsson,C.M. and
Falkenberg,M. (2006) Conserved sequence box II directs
transcription termination and primer formation in mitochondria. J.
Biol. Chem., 281, 24647–24652.

7. Fuste,J.M., Wanrooij,S., Jemt,E., Granycome,C.E., Cluett,T.J.,
Shi,Y., Atanassova,N., Holt,I.J., Gustafsson,C.M. and Falkenberg,M.
(2010) Mitochondrial RNA polymerase is needed for activation of
the origin of light-strand DNA replication. Mol. Cell, 37, 67–78.

8. Uhler,J.P. and Falkenberg,M. (2015) Primer removal during
mammalian mitochondrial DNA replication. DNA Repair (Amst.),
34, 28–38.

9. Cerritelli,S.M., Frolova,E.G., Feng,C., Grinberg,A., Love,P.E. and
Crouch,R.J. (2003) Failure to produce mitochondrial DNA results in
embryonic lethality in Rnaseh1 null mice. Mol. Cell, 11, 807–815.

10. Ruhanen,H., Ushakov,K. and Yasukawa,T. (2011) Involvement of
DNA ligase III and ribonuclease H1 in mitochondrial DNA
replication in cultured human cells. Biochim. Biophys. Acta, 1813,
2000–2007.

11. Holmes,J.B., Akman,G., Wood,S.R., Sakhuja,K., Cerritelli,S.M.,
Moss,C., Bowmaker,M.R., Jacobs,H.T., Crouch,R.J. and Holt,I.J.
(2015) Primer retention owing to the absence of RNase H1 is
catastrophic for mitochondrial DNA replication. Proc. Natl. Acad.
Sci. U.S.A., 112, 9334–9339.

12. Nowotny,M., Gaidamakov,S.A., Ghirlando,R., Cerritelli,S.M.,
Crouch,R.J. and Yang,W. (2007) Structure of human RNase H1
complexed with an RNA/DNA hybrid: insight into HIV reverse
transcription. Mol. Cell, 28, 264–276.

13. Cerritelli,S.M. and Crouch,R.J. (2009) Ribonuclease H: the enzymes
in eukaryotes. FEBS J., 276, 1494–1505.

14. Lima,W.F., Rose,J.B., Nichols,J.G., Wu,H., Migawa,M.T.,
Wyrzykiewicz,T.K., Siwkowski,A.M. and Crooke,S.T. (2007) Human
RNase H1 discriminates between subtle variations in the structure of
the heteroduplex substrate. Mol. Pharmacol., 71, 83–91.

15. Pascal,J.M., O’Brien,P.J., Tomkinson,A.E. and Ellenberger,T. (2004)
Human DNA ligase I completely encircles and partially unwinds
nicked DNA. Nature, 432, 473–478.

16. Cotner-Gohara,E., Kim,I.K., Hammel,M., Tainer,J.A.,
Tomkinson,A.E. and Ellenberger,T. (2010) Human DNA ligase III
recognizes DNA ends by dynamic switching between two
DNA-bound states. Biochemistry, 49, 6165–6176.

17. Williams,J.S. and Kunkel,T.A. (2014) Ribonucleotides in DNA:
origins, repair and consequences. DNA Repair (Amst.), 19, 27–37.

18. Williams,J.S., Lujan,S.A. and Kunkel,T.A. (2016) Processing
ribonucleotides incorporated during eukaryotic DNA replication.
Nat. Rev. Mol. Cell Biol., 17, 350–363.

19. Zheng,L., Zhou,M., Guo,Z., Lu,H., Qian,L., Dai,H., Qiu,J.,
Yakubovskaya,E., Bogenhagen,D.F., Demple,B. et al. (2008) Human
DNA2 is a mitochondrial nuclease/helicase for efficient processing of
DNA replication and repair intermediates. Mol. Cell, 32, 325–336.

20. Kalifa,L., Beutner,G., Phadnis,N., Sheu,S.S. and Sia,E.A. (2009)
Evidence for a role of FEN1 in maintaining mitochondrial DNA
integrity. DNA Repair (Amst.), 8, 1242–1249.

21. Kornblum,C., Nicholls,T.J., Haack,T.B., Scholer,S., Peeva,V.,
Danhauser,K., Hallmann,K., Zsurka,G., Rorbach,J., Iuso,A. et al.
(2013) Loss-of-function mutations in MGME1 impair mtDNA
replication and cause multisystemic mitochondrial disease. Nat.
Genet., 45, 214–219.

22. Uhler,J.P., Thorn,C., Nicholls,T.J., Matic,S., Milenkovic,D.,
Gustafsson,C.M. and Falkenberg,M. (2016) MGME1 processes flaps
into ligatable nicks in concert with DNA polymerase gamma during
mtDNA replication. Nucleic Acids Res., 44, 5861–5871.

23. Al-Behadili,A., Uhler,J.P., Berglund,A.K., Peter,B., Doimo,M.,
Reyes,A., Wanrooij,S., Zeviani,M. and Falkenberg,M. (2018) A
two-nuclease pathway involving RNase H1 is required for primer
removal at human mitochondrial OriL. Nucleic Acids Res., 46,
9471–9483.

24. Tann,A.W., Boldogh,I., Meiss,G., Qian,W., Van Houten,B., Mitra,S.
and Szczesny,B. (2011) Apoptosis induced by persistent single-strand
breaks in mitochondrial genome: critical role of EXOG
(5′-EXO/endonuclease) in their repair. J. Biol. Chem., 286,
31975–31983.

25. Szczesny,R.J., Hejnowicz,M.S., Steczkiewicz,K., Muszewska,A.,
Borowski,L.S., Ginalski,K. and Dziembowski,A. (2013)
Identification of a novel human mitochondrial endo-/exonuclease
Ddk1/c20orf72 necessary for maintenance of proper 7S DNA levels.
Nucleic Acids Res., 41, 3144–3161.

26. He,Q., Shumate,C.K., White,M.A., Molineux,I.J. and Yin,Y.W.
(2013) Exonuclease of human DNA polymerase gamma disengages
its strand displacement function. Mitochondrion, 13, 592–601.

27. Macao,B., Uhler,J.P., Siibak,T., Zhu,X., Shi,Y., Sheng,W., Olsson,M.,
Stewart,J.B., Gustafsson,C.M. and Falkenberg,M. (2015) The
exonuclease activity of DNA polymerase gamma is required for
ligation during mitochondrial DNA replication. Nat. Commun., 6,
7303.

28. Cymerman,I.A., Chung,I., Beckmann,B.M., Bujnicki,J.M. and
Meiss,G. (2008) EXOG, a novel paralog of Endonuclease G in higher
eukaryotes. Nucleic Acids Res., 36, 1369–1379.

29. Lin,J.L., Wu,C.C., Yang,W.Z. and Yuan,H.S. (2016) Crystal structure
of endonuclease G in complex with DNA reveals how it
nonspecifically degrades DNA as a homodimer. Nucleic Acids Res.,
44, 10480–10490.

30. Szymanski,M.R., Yu,W., Gmyrek,A.M., White,M.A., Molineux,I.J.,
Lee,J.C. and Yin,Y.W. (2017) A domain in human EXOG converts
apoptotic endonuclease to DNA-repair exonuclease. Nat. Commun.,
8, 14959.

31. Kieper,J., Lauber,C., Gimadutdinow,O., Urbanska,A., Cymerman,I.,
Ghosh,M., Szczesny,B. and Meiss,G. (2010) Production and
characterization of recombinant protein preparations of
Endonuclease G-homologs from yeast, C. elegans and humans.
Protein Expr. Purif., 73, 99–106.

32. Tigchelaar,W., Yu,H., de Jong,A.M., van Gilst,W.H., van der
Harst,P., Westenbrink,B.D., de Boer,R.A. and Sillje,H.H. (2015) Loss
of mitochondrial exo/endonuclease EXOG affects mitochondrial
respiration and induces ROS-mediated cardiomyocyte hypertrophy.
Am. J. Physiol. Cell Physiol., 308, C155–C163.

33. Tigchelaar,W., De Jong,A.M., van Gilst,W.H., De Boer,R.A. and
Sillje,H.H. (2016) In EXOG-depleted cardiomyocytes cell death is
marked by a decreased mitochondrial reserve capacity of the electron
transport chain. Bioessays, 38(Suppl. 1), S136–S145.

34. Prism Version 7.00 for Mac, GraphPad Software, La
Jolla, www.graphpad.com.

35. Otwinowski,Z. and Minor,W. (1997) Processing of X-ray diffraction
data collected in oscillation mode. Methods Enzymol., 276, 307–326.

36. Bunkoczi,G., Echols,N., McCoy,A.J., Oeffner,R.D., Adams,P.D. and
Read,R.J. (2013) Phaser.MRage: automated molecular replacement.
Acta Crystallogr. D, 69, 2276–2286.

37. Adams,P.D., Afonine,P.V., Bunkoczi,G., Chen,V.B., Davis,I.W.,
Echols,N., Headd,J.J., Hung,L.W., Kapral,G.J.,
Grosse-Kunstleve,R.W. et al. (2010) PHENIX: a comprehensive
Python-based system for macromolecular structure solution. Acta
Crystallogr. D, 66, 213–221.

38. Emsley,P., Lohkamp,B., Scott,W.G. and Cowtan,K. (2010) Features
and development of Coot. Acta Crystallogr. D, 66, 486–501.

http://www.graphpad.com


Nucleic Acids Research, 2019, Vol. 47, No. 10 5419

39. Zheng,G., Lu,X.J. and Olson,W.K. (2009) Web 3DNA–a web server
for the analysis, reconstruction, and visualization of
three-dimensional nucleic-acid structures. Nucleic Acids Res., 37,
W240–W246.

40. The PyMOL Molecular Graphics System, Version 2.0. Schrödinger,
LLC.

41. Rossi,A.M. and Taylor,C.W. (2011) Analysis of protein-ligand
interactions by fluorescence polarization. Nat. Protoc., 6, 365–387.

42. Olson,W.K., Bansal,M., Burley,S.K., Dickerson,R.E., Gerstein,M.,
Harvey,S.C., Heinemann,U., Lu,X.J., Neidle,S., Shakked,Z. et al.
(2001) A standard reference frame for the description of nucleic acid
base-pair geometry. J. Mol. Biol., 313, 229–237.

43. Lu,X.J. and Olson,W.K. (2003) 3DNA: a software package for the
analysis, rebuilding and visualization of three-dimensional nucleic
acid structures. Nucleic Acids Res., 31, 5108–5121.

44. Brandl,M., Weiss,M.S., Jabs,A., Suhnel,J. and Hilgenfeld,R. (2001)
C-H. . . pi-interactions in proteins. J. Mol. Biol., 307, 357–377.

45. Szczesny,B., Olah,G., Walker,D.K., Volpi,E., Rasmussen,B.B.,
Szabo,C. and Mitra,S. (2013) Deficiency in repair of the

mitochondrial genome sensitizes proliferating myoblasts to oxidative
damage. PLoS One, 8, e75201.

46. Larsen,E., Gran,C., Saether,B.E., Seeberg,E. and Klungland,A.
(2003) Proliferation failure and gamma radiation sensitivity of Fen1
null mutant mice at the blastocyst stage. Mol. Cell Biol., 23,
5346–5353.

47. Ronchi,D., Di Fonzo,A., Lin,W., Bordoni,A., Liu,C., Fassone,E.,
Pagliarani,S., Rizzuti,M., Zheng,L., Filosto,M. et al. (2013)
Mutations in DNA2 link progressive myopathy to mitochondrial
DNA instability. Am. J. Hum. Genet., 92, 293–300.

48. Bae,S.H. and Seo,Y.S. (2000) Characterization of the enzymatic
properties of the yeast dna2 Helicase/endonuclease suggests a new
model for Okazaki fragment processing. J. Biol. Chem., 275,
38022–38031.

49. Zhou,C., Pourmal,S. and Pavletich,N.P. (2015) Dna2
nuclease-helicase structure, mechanism and regulation by Rpa. Elife,
4, e09832.


