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ABSTRACT

The removal of RNA primers is essential for mito-
chondrial DNA (mtDNA) replication. Several nucle-
ases have been implicated in RNA primer removal in
human mitochondria, however, no conclusive mech-
anism has been elucidated. Here, we reconstituted
minimal in vitro system capable of processing RNA
primers into ligatable DNA ends. We show that hu-
man 5′-3′ exonuclease, EXOG, plays a fundamental
role in removal of the RNA primer. EXOG cleaves
short and long RNA-containing flaps but also in co-
operation with RNase H1, processes non-flap RNA-
containing intermediates. Our data indicate that the
enzymatic activity of both enzymes is necessary to
process non-flap RNA-containing intermediates and
that regardless of the pathway, EXOG-mediated RNA
cleavage is necessary prior to ligation by DNA Ligase
III. We also show that upregulation of EXOG levels in
mitochondria increases ligation efficiency of RNA-
containing substrates and discover physical interac-
tions, both in vitro and in cellulo, between RNase H1
and EXOG, Pol �A, Pol �B and Lig III but not FEN1,
which we demonstrate to be absent from mitochon-
dria of human lung epithelial cells. Together, using
human mtDNA replication enzymes, we reconstitute
for the first time RNA primer removal reaction and
propose a novel model for RNA primer processing in
human mitochondria.

INTRODUCTION

Since the discovery that the instability of mitochondrial
genome causes a wide variety of detrimental human disor-
ders (1), the mechanisms of mitochondrial DNA (mtDNA)
replication and repair have been studied extensively. Mi-
tochondrial disorders originate from either mtDNA mu-
tations or defective nuclear genes coding for proteins that
function in mitochondria (2), including nuclear-encoded
components involved in the metabolism of mtDNA. Mam-
malian mtDNA is a small (16.6 kb), circular, double-
stranded DNA molecule encoding 13 proteins that consti-
tute a minority amongst the tens of the oxidative phos-
phorylation (OXPHOS) subunits encoded by nuclear genes.
Still, mtDNA expression is essential for the respiratory
chain (3), therefore, proper function of mitochondria re-
quires effective maintenance of mtDNA, i.e. DNA replica-
tion and DNA damage repair (4).

DNA polymerase Pol � is exclusive to mitochondria (5)
and functions in both mtDNA replication and repair (5,6).
Human Pol � is a holoenzyme consisting of a catalytic sub-
unit Pol �A and a dimeric accessory subunit Pol �B. Enzy-
matic activities of Pol �A include polymerization for DNA
synthesis, 3′–5′ exonuclease for proofreading and 5′-dRP
lyase for DNA repair (6–8). Pol � can form short 5′-flaps
due to its intrinsic ability to displace downstream DNA or
RNA encountered during mtDNA synthesis (9,10). Even
though Pol � displays limited strand displacement activity
in vitro, inactivation of its exonuclease activity leads to ex-
cessive formation of unligatable 5′-flaps (9,11,12). Over 300
pathogenic mutations in the genes coding for both Pol �A
and �B subunits were identified, including mutations that
alter the exonuclease activity of human Pol � (2,12).
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There are three models of mtDNA replication that are
currently proposed (for recent reviews, refer to (13,14)).
The original model of mtDNA replication emerged in early
1970s. It assumed a strand-displacement mechanism de-
duced from electron microscopy analyses of replicative in-
termediates of mammalian mtDNA (15–17). The model
proposes that the leading strand synthesis starts at the ori-
gin of replication on the heavy strand (known as OH). When
the replication fork reaches approximately two-thirds of the
length of mtDNA genome, the second origin of replica-
tion on the light strand (known as OL) is exposed allowing
the other strand synthesis in the opposite direction. Termi-
nation of mtDNA replication requires the removal of the
RNA primers present at the 5′-ends of the nascent strands
(18). Pol � -driven RNA primer displacement, flap forma-
tion and its eventual removal at the origins of DNA repli-
cation are critical steps preceding nicks ligation to complete
DNA synthesis (19,20).

Several nucleases have been proposed to be involved in
mitochondrial RNA primer removal. RNase H1 was indi-
cated to be essential in this process (21). However, it was
shown to be insufficient as it leaves behind a few (1–3 nt)
ribonucleotides at the RNA–DNA junction (22,23). There-
fore, it was proposed that a secondary nuclease is required
to complete primer removal and allow for ligation to ter-
minate mtDNA replication. FEN1, a well-known flap nu-
clease involved in Okazaki fragments maturation in the nu-
cleus (24–28) was proposed to be involved in mitochon-
drial primer removal. However, the role of FEN1 in mi-
tochondria is controversial (29,30), therefore, it was con-
cluded that a FEN1-like enzyme remained unidentified (23).
Dna2, a flap nuclease/helicase (24–28) fails to generate lig-
atable substrate for Lig III (23). A mitochondrial flap nucle-
ase MGME1 is unable to cleave RNA (10,31). Therefore,
the identity of nuclease that removes the remining RNA
during replication of mtDNA is currently unknown.

Human nuclease EXOG (EXOG) is an evolutionarily
conserved 5′-3′ exonuclease exclusively localized in mito-
chondria (32). Both in vivo and in vitro studies indicated
critical role of EXOG in mtDNA integrity and mitochon-
drial function. EXOG depletion induces persistent single
stranded DNA breaks (SSBs) in the mtDNA, enhances
ROS levels, causes mitochondrial dysfunction and cell death
in HeLa and MCF7 cell lines (33), while ectopic expres-
sion of EXOG improves the cellular resistance to oxida-
tive challenge (34). Recently, a protective role of EXOG
in mtDNA stability and mitochondrial functional mainte-
nance was confirmed in rotenone treated neuronal PC12
cells (35). Structural and biochemical analysis of EXOG re-
vealed a distinct mechanism for substrate recognition and a
specific exonuclease activity that allows processing of the 5′-
end of DNA downstream of the damage, providing an opti-
mal substrate for efficient DNA base-excision repair (BER)
(36). Additionally, it was shown that, besides DNA lesions
processing, EXOG cleaves ssDNA, ssRNA and RNA in an
RNA/DNA hybrid duplex (37), suggesting its putative role
in a non-flap primer removal in mitochondria.

In this study, we investigated the involvement of EXOG in
the process of RNA primer removal. We show that in a flap–
dependent pathway, EXOG cleaves both short and long

RNA-containing flaps, deleterious strand displacement in-
termediates generated by Pol � that could otherwise com-
promise the mtDNA integrity. We discover physical inter-
action between EXOG and RNase H1, both in vitro and in
cellulo, and demonstrate that coordinated action of these
two nucleases is critical in a flap-independent pathway to
process non-flap RNA structures resistant to RNase H1
cleavage. We show that upregulation of EXOG in mitochon-
drial extracts enhances ligation efficiency of nonligatable
DNA/RNA intermediates. Additionally, we detect both in
vitro and in cellulo interactions between RNase H1 and Pol
� as well as Lig III but not FEN1. Importantly, we show
that regardless of the pathway, nucleolytic activity of EXOG
generates RNA-free intermediate products that are success-
fully ligated by Lig III thus allowing us, for the first time, to
reconstitute RNA primer removal reaction in vitro exclu-
sively with human mtDNA replication components. Col-
lectively, our results indicate that EXOG is essential for
complete RNA primer removal in vitro, therefore, we pro-
pose that EXOG could play a role during replication of the
mtDNA.

MATERIALS AND METHODS

Protein purification

hEXOG-�N58 and hEXOG-�N58/H140G are recombi-
nant proteins lacking mitochondrial localization sequence
(MLS) and were purified as previously described (36) with
the following modifications: the IPTG-induced culture was
grown for 4 h at 37◦C; the enzyme was stored in buffer
containing 20 mM HEPES pH 8.0, 300 mM KCl, 1 mM
TCEP and 50% (v/v) glycerol. The concentration was de-
termined spectrophotometrically using extinction coeffi-
cient ε280(dimer) = 77 030 M−1 cm−1. Analytical size exclu-
sion chromatography (Superdex 200 Increase 10/300 GL
column, GE Healthcare) was performed as a quality con-
trol step to compare oligomeric state of EXOG variants.

The pET-11a-based construct coding for non-tagged ma-
ture human mtSSB (amino acids 18–148) (Epoch) was
transformed into Escherichia coli BL21 Rosetta (DE3) (No-
vagen). Overnight culture was diluted into fresh LB media
supplemented with ampicillin (100 �g/ml) and chloram-
phenicol (30 �g/ml) and grown at 37◦C to an OD600 of
0.8. hmtSSB overproduction was induced with IPTG (final
concentration of 1 mM) and further grown for 3 h at 30◦C.
Cell lysis was performed by sonication in buffer containing
40 mM Tris–HCl pH 7.5, 8% (w/v) sucrose, 200 mM NaCl,
2 mM EDTA and 2% (w/v) sodium cholate. The lysate was
centrifuged at 75 000 × g for 30 min at 4◦C and the col-
lected supernatant was loaded onto the Blue Sepharose 6
Fast Flow resin (GE Healthcare) equilibrated with 35 mM
Tris–HCl pH 7.5, 200 mM NaCl, 2 mM EDTA and 10%
(v/v) glycerol buffer. The flow-through fractions containing
hmtSSB were pooled and the ammonium sulfate precipita-
tion was performed as previously described (38). The final
precipitate was suspended and dialysed against SQ buffer
(50 mM CAPS pH 9.7, 200 mM NaCl, 2 mM EDTA, 2 mM
BME, 10% (v/v) glycerol). Further, protein was loaded onto
the Q Sepharose Fast Flow resin (GE Healthcare) equili-
brated with the SQ buffer. The flow-through fractions con-
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taining hmtSSB were pooled and dialysed against the SQ
buffer but with 50 mM NaCl. The same Q resin equili-
brated with the 50 mM NaCl SQ buffer was loaded with
hmtSSB, washed with the same buffer and the protein was
eluted with a linear gradient of NaCl (0.05–0.5 M). The
hmtSSB-containing elution fractions were pooled, dialysed
against 20 mM HEPES pH 8.0, 140 mM KCl, 1 mM TCEP
and 5% (v/v) glycerol buffer and loaded onto a Hi-Load
16/600 Superdex 200 gel filtration column (GE Healthcare).
The peak fractions were pooled and the concentration was
determined spectrophotometrically using extinction coeffi-
cient ε280(tetramer) = 79 760 M−1 cm−1.

Human RNase H1 (amino acids 27–286) with an N-
terminal thrombin-cleavable His6 tag was overproduced
from pET15b construct (a gift from Dr Marcin Nowotny
from International Institute of Molecular and Cell Biology,
Poland) in Escherichia coli BL21 (DE3) pLysS (Novagen).
The pET15b-encoded variant protein RNase H1-D210N
with an N-terminal thrombin-cleavable His6 tag (Epoch)
was overproduced in E. coli BL21 (DE3) (Novagen). Both
proteins were purified as previously described (39) with
modifications. The buffers contained 20 mM HEPES pH
7.0 instead of 40 mM NaH2PO4. The stepwise elution
from Ni-NTA resin (Macherey-Nagel) was performed with
300 mM imidazole instead of a linear gradient. After His6
tag cleavage, wild-type RNase H1 was loaded onto Ni-NTA
resin. The unbound, tag-free protein was collected and
loaded onto a Hi-Load 16/600 Superdex 200 gel filtration
column (GE Healthcare) equilibrated with 20 mM HEPES
pH 7.0, 100 mM NaCl, 0.5 mM EDTA and 5% (v/v) glyc-
erol buffer. For the mutant protein, the His6 tag cleavage
was followed by a Mono S 5/50 GL column (GE Health-
care) chromatography. The stepwise elution was performed
with 1 M NaCl instead of a linear gradient. The mutant
protein-containing fractions were collected and loaded onto
a HiPrep 16/60 Sephacryl S-300 HR gel filtration column
(GE Healthcare). The concentration was determined spec-
trophotometrically using extinction coefficient ε280 = 47
565 M−1 cm−1. Analytical size exclusion chromatography
(Superdex 200 Increase 10/300 GL column) was performed
as a quality control step to assess the oligomeric state of
RNase H1 variants.

The full-length human Lig III� protein (lacking MLS)
was overproduced from a modified pET28 plasmid con-
taining an N-terminal His6-SUMO tag (a gift from Dr P.J.
O’Brien from University of Michigan) in E. coli BL21
Rosetta (DE3) cells as previously described (40). The con-
centration was determined spectrophotometrically using
extinction coefficient ε280 = 79 988 M−1 cm−1.

The Pol �A-coding gene (encoded protein lacks MLS and
10 of the 13 sequential glutamine residues 43–52) was trans-
ferred into the baculovirus genome using the shuttle vec-
tor pBacPak9 (Clontech). The C-terminal His-tagged pro-
tein was synthesized in Sf9 insect cells (Invitrogen), infected
at a density of 1–2 × 106 cells/ml and grown at 27◦C in
SF900-II SFM growth medium (Gibco). After 72 h cells
were harvested by centrifugation at 500 × g, washed in
growth medium and frozen in liquid nitrogen. Cells were
gently resuspended in the lysis buffer (15 mM HEPES pH
7.6, 250 mM sucrose, 75 mM KCl, 2.25 mM CaCl2, 1.5 mM
magnesium acetate, 1.25% (v/v) glycerol, 0.375% (v/v) NP-

40, 0.025% (v/v) Triton X-100). The lysate was centrifuged
at 1500 × g for 10 min. The collected supernatant was mixed
gradually with KCl buffer (2 M KCl, 20 mM HEPES pH
8.0, 5% (v/v) glycerol) to the final KCl concentration of
0.5 M. After 30 min of mixing, the lysate was centrifuged at
31 000 × g for 30 min. Pol �A was purified by sequential ap-
plication of Talon Superflow resin (GE Healthcare) (elution
with 200 mM imidazole) and a Hi-Load 16/600 Superdex
200 gel filtration column as previously described (41). The
concentration was determined spectrophotometrically us-
ing extinction coefficient ε280 = 242 295 M−1 cm−1.

The His-tagged recombinant Pol �B protein was overpro-
duced from pET22b + vector (Epoch, based on 6) in E. coli
BL21 Rosetta II (DE3) pLysS cells (Novagen) as previously
described (42) with the following modifications: pellet from
1 liter of bacterial culture was used and cells were lysed by
sonication; the lysate was adjusted to contain 10 mM im-
idazole and no MgCl2 before Ni-NTA resin binding; gel
filtration chromatography was performed with a Superdex
200 Increase 10/300 GL column equilibrated with 20 mM
HEPES pH 7.5, 140 mM KCl, 5 mM BME and 5% (v/v)
glycerol buffer. The concentration was determined spec-
trophotometrically using extinction coefficient ε280(dimer) =
143 280 M−1 cm−1.

The full-length human FEN1 (amino acids 2−380) with
an N-terminal His6-SUMO tag was overproduced from the
pE-SUMO vector (a gift from Prof. Jane A. Grasby from
University of Sheffield, UK) in E. coli BL21 Rosetta II
(DE3) pLysS cells (Novagen). Overnight culture was di-
luted into fresh 2xYT media containing 34 �g/mL chlo-
ramphenicol and 25 �g/ml kanamycin and grown at 30◦C
to an OD600 of 0.5. FEN1 overproduction was induced with
IPTG (final concentration of 0.4 mM) and further grown for
16 h at 16◦C. Cells were lysed by sonication in buffer con-
taining 20 mM Tris–HCl pH 7.0, 1 M NaCl, 5 mM imida-
zole and 0.1% (w/v) lysozyme. The lysate was centrifuged
at 12 000 × g for 30 min at 4˚C and the collected super-
natant was loaded onto the Talon Superflow resin equili-
brated with 20 mM Tris–HCl pH 7.0, 1 M NaCl and 5 mM
imidazole buffer. The resin was washed with 20 mM Tris–
HCl pH 7.0, 500 mM NaCl, 40 mM imidazole and 0.1%
(v/v) Tween 20 buffer and the protein was one-step eluted
with 20 mM Tris–HCl pH 7.0, 1 M NaCl and 250 mM
imidazole buffer. Fractions containing FEN1 were pooled
and the His6-SUMO tag was digested using SUMO pro-
tease (Ulp1) prior to loading onto the Talon Superflow
resin. A flow-through fraction with cleaved FEN1 protein
was collected and diluted to a final NaCl concentration of
250 mM with 20 mM Tris–HCl pH 8.0 and 1 mM EDTA
buffer and CaCl2 was added to the final concentration of
2 mM. FEN1 was loaded onto a HiTrap Heparin HP col-
umn (GE Healthcare) equilibrated and washed with 25 mM
Tris–HCl pH 7.5 and 1 mM CaCl2 buffer and the protein
was eluted with a linear gradient of NaCl (0–1 M). The
FEN1-containing elution fractions were pooled and loaded
onto the HiPrep 16/60 Sephacryl S-300 HR column equi-
librated with 50 mM HEPES pH 7.5, 1 mM CaCl2, 100
mM KCl, 5 mM DTT and 10% (v/v) glycerol buffer. The
peak fractions were pooled and dialyzed against 50 mM
HEPES pH 7.5, 1 mM CaCl2, 100 mM KCl, 5 mM DTT
and 40% (v/v) glycerol buffer. The concentration was deter-
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mined spectrophotometrically using extinction coefficient
ε280 = 23,107 M−1 cm−1.

Labeling of EXOG and RNase H1 with fluorescent dye

Purified His-tagged hEXOG-�N58 and hEXOG-
�N58/H140G were labeled using Alexa Fluor 647
Maleimide (Invitrogen). Protein was bound to Ni-NTA
resin and washed with buffer EL (20 mM HEPES pH
7.5, 300 mM NaCl, 10% (v/v) glycerol) to remove re-
ducing agent. Ni-NTA-bound protein was incubated
with Alexa Fluor 647 maleimide at the molar ratio of
EXOG:Alexa = 1:8 at 4◦C overnight. The reaction was
stopped, and the excess dye was washed away with buffer EL
supplemented with 5 mM BME. The stepwise elution from
Ni-NTA resin was performed with 200 mM imidazole
in buffer EL + BME. The labeled protein was further
loaded onto a Superdex 200 Increase 10/300 GL column
equilibrated with buffer EL + BME. The concentration
of the protein was determined spectrophotometrically
using extinction coefficient ε280(dimer) = 77 030 M−1 cm−1

after correction for the dye contribution at 280 nm. The
degree of labeling (1 dye molecule per EXOG dimer) was
determined comparing with the concentration of the dye
calculated using ε652 = 265 000 M−1 cm−1. Purified RNase
H1 (His6 tag-cleaved) was labeled with Alexa Fluor 647
NHS Ester (Invitrogen). Protein was incubated with the
dye at the molar ratio of RNase H1:Alexa = 1:3 at 4◦C for
1 h. The excess dye was washed away by dialysis with buffer
RL (20 mM HEPES pH 7.0, 100 mM NaCl, 5% (v/v)
glycerol, 2 mM DTT, 0.5 mM EDTA) at 4◦C overnight.
The labeled protein was further loaded onto a Superdex
200 Increase 10/300 GL column equilibrated with buffer
RL (200 mM NaCl). The concentration of the protein
was determined spectrophotometrically using extinction
coefficient ε280 = 47 565 M−1·cm−1 after correction for
the dye contribution at 280 nm. The degree of labeling (1
dye molecule per RNase H1 monomer) was determined
comparing with the concentration of the dye calculated
using ε650 = 239 000 M−1 cm−1.

Preparation of RNA and DNA substrates

All the oligonucleotides used in this study were purchased
from Metabion International AG and are listed in Supple-
mentary Table S1. The annealing of substrates (listed in
Supplementary Table S2) was performed at 95◦C for 5 min
in TE buffer (20 mM Tris–HCl pH 8.1, 0.1 mM EDTA)
and slowly cooled to room temperature. The downstream
oligonucleotide of each linear substrate was 3′-end labeled
with fluorescein. A circular template was obtained by the
circularization of a 110-nt oligonucleotide (B5, Supplemen-
tary Table S1) with ssDNA Ligase (CircLigase II, Epicen-
tre).

Exonuclease activity assay

Details on each reaction conditions are given in the figure
legends. Reactions were initiated by the addition of an equal
volume of fluorescein-labeled substrates (listed in Supple-
mentary Tables S1 and S2). All experiments were performed

at room temperature in Buffer HK140 (20 mM HEPES pH
7.5, 140 mM KCl, 1 mM TCEP, 0.1 mg/ml BSA). Reactions
were stopped by the addition of BF Stop (78% (v/v) for-
mamide, 50 mM EDTA, 0.1% (w/v) SDS), followed by in-
cubation at 95◦C for 4 min. Cleavage products were resolved
by denaturing polyacrylamide gel electrophoresis and vi-
sualized using Typhoon fluorescence imager. When indi-
cated, substrate bands were quantified using ImageJ (http:
//rsb.info.nih.gov/ij/).

Ligation assay

Reaction mixtures contained 200 nM fluorescein-labeled
nicked substrate (substrates depicted in the figures), 200 nM
Lig III�, 5 nM EXOG and/or RNase H1, 150 nM Pol �A,
600 nM Pol �B in Buffer HK140 supplemented with 10 mM
MgCl2, 1 mM ATP, 1 mM dNTPs and 1.89 �M Strepta-
vidin (New England BioLabs). After 10 min incubation at
37◦C, unlabeled competitor DNA oligonucleotide C1 (Sup-
plementary Table S1) was added to the final concentration
of 10 �M, followed by further incubation at 37◦C for 1 h.
Reactions were stopped by the addition of 2× BF Stop, in-
cubated at 95◦C for 4 min, cooled down on ice, resolved by
23%/7 M UREA/0.5× TBE denaturing polyacrylamide gel
electrophoresis and imaged with Typhoon fluorescence im-
ager. When indicated, product bands were quantified using
ImageJ.

Primer extension-ligation assay

Reaction mixtures containing 2.5 nM substrate (primed
substrates depicted in the figures), 12.5 nM Pol �A, 25 nM
Pol �B and 2.5 nM hmtSSB in Buffer HK140 supplemented
with 10 mM MgCl2, 1 mM ATP, 0.5 �M unlabeled dNTPs
and 2.5 nM [�-32P] dCTP (800 Ci/mmol, 10 mCi/ml; Hart-
mann Analytic) were preincubated for 20 min at 37◦C, fol-
lowed by the addition of 25 nM Lig III�, 750 pM EXOG
and/or 750 pM RNase H1 and further incubation at 37◦C
for 1 h. The reactions were stopped by the addition of Pro-
teinase K (A&A Biotechnology) to the final concentration
of 200 �g/ml and incubated at 48◦C for 1 h. Where indi-
cated, reactions were further treated with 300 mM KOH for
2 h at 55◦C. Finally, all reactions were stopped by the addi-
tion of 2x BF Stop, incubated at 65◦C for 2 min, cooled
down on ice and resolved by 12%/7 M UREA/1× TBE
denaturing polyacrylamide gel electrophoresis. Gels were
dried and visualized using Typhoon phosphorimager. When
indicated, product bands were quantified using ImageJ.

Microscale thermophoresis (MST)

The binding affinity of RNase H1 and EXOG with their
potential partners was measured at 25◦C using Microscale
thermophoresis (MST) with Monolith NT.115 (NanoTem-
per): Excitation Nano-RED, 70–100% Excitation Power
and Medium MST-Power. Depending on the target, MST-
on (hot region) or MST-off (Initial Fluorescence-IF) was
applied (for details on a technique, refer to (43)). Alexa
647-labeled RNase H1 and EXOG at a final concentration
of 10 and 2 nM, respectively, were used as targets. The in-
creasing concentration (10 pM–5.1 �M) of purified proteins

http://rsb.info.nih.gov/ij/
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were used as ligands (EXOG, RNase H1, Pol �A, Pol �B,
Lig III or FEN1). Measurements were carried out in PBS
pH 7.6 buffer with 0.05% (v/v) NP-40 for RNase H1 tar-
get or 0.05% (v/v) Tween 20 for EXOG target. To pre-
vent adsorption of the samples, premium coated capillaries
were used (NanoTemperTechnologies). In MST analysis of
EXOG target, a ligand-dependent change in the initial flu-
orescence was observed. To confirm that the change in the
initial fluorescence was due to the interaction between the
target and the ligand (not because of non-specific binding
effects), the SD-Test (denaturation test) was performed (ac-
cording to the manufacturer’s instructions). Upon the dis-
ruption of the target-ligand interaction (via denaturation)
no changes in the fluorescence intensities between the tar-
get and complex samples were observed (Supplementary
Figure S15). The dissociation constant was determined us-
ing a single-site model with MO Affinity Analysis software
version 2.3. All the results of the MST analysis, MST-on
(Fnorm [‰]) and MST-off (Fluorescence [counts]), are pre-
sented as a Fraction Bound [-] (43,44).

Cell culture and stable cell lines generation

Human non-tumorigenic bronchial lung epithelial cells
(BEAS 2B; ATCC CRL-9609) were maintained in RPMI
1640 medium supplemented with 10% FBS at 37◦C in 5%
CO2. Mitochondria for mitoplasts preparation were iso-
lated from the 293 Flp-In T-REx cells (Thermo Fisher
Scientific, # R78007) or their stably transfected deriva-
tives established in this study. Cells were cultured in
Dulbecco’s-modified Eagle’s medium (DMEM, HyClone)
supplemented with 10% FBS at 37◦C in 5% CO2. Stable cell
lines were developed based on the protocols described pre-
viously (45). DNA constructs for stable cell lines generation
were prepared using SLIC (sequence and ligation indepen-
dent cloning) method similarly as described previously (45).
Applied DNA constructs are listed in Supplementary Table
S3. Expression of the transgenes was induced with tetracy-
cline (7.5 ng/ml).

Mitochondria isolation and mitoplasts preparation

Mitochondria isolation followed by mitoplasts preparation
was performed as described previously (46). Briefly, cells
were harvested by centrifugation at 400 × g for 4 min at 4◦C
in NKM buffer (1 mM Tris–HCl, pH 7.4, 0.13 M NaCl, 5
mM KCl, 7.5 mM MgCl2). The cell pellet was suspended in
ice-cold 0.1× HomB buffer (4 mM Tris–HCl, pH 7.6, 2.5
mM NaCl, 0.5 mM MgCl2) and cells were homogenized
in a Dounce homogenizer. The cell homogenate was sup-
plemented with 10x HomB buffer to obtain 1× HomB (40
mM Tris–HCl pH 7.6, 25 mM NaCl, 5 mM MgCl2). The
homogenate was centrifuged three times at 900 × g for 4
min at 4◦C to remove nuclei and cell debris. Mitochondria
were pelleted by centrifugation at 8000 × g for 5 min at 4◦C.
To prepare mitoplasts, isolated mitochondria were resus-
pended in 1× HomB buffer, incubated with 0.1% (w/v) digi-
tonin (Sigma-Aldrich, # D5628) for 10 min on ice and cen-
trifuged at 7000 × g for 2.5 min at 4◦C. The resultant pellets
were resuspended in 1× HomB buffer with 0.1 mg/ml Pro-
teinase K (Thermo Fisher Scientific, # EO0491), incubated

on ice for 20 min and centrifuged at 7000 × g for 2.5 min
at 4◦C. Pellets were resuspended in 1× HomB buffer sup-
plemented with 2 mM PMSF and protease inhibitor cock-
tail to inhibit Proteinase K. After pelleting, resuspending
in 1x HomB buffer and re-pelleting, intact mitoplasts were
lysed in lysis buffer (20 mM HEPES–NaOH, pH 7.4, 1 mM
EDTA, 1 mM DTT, 300 mM KCl, 5% (v/v) glycerol and
0.2% (v/v) NP-40) supplemented with 0.25 mM PMSF and
protease inhibitor cocktail. Protein concentration was mea-
sured using the Bradford method. The mitoplast extracts
were aliquoted, snap-frozen in liquid nitrogen, and stored
at −80◦C until used for ligation assay.

Ligation assay with mitoplast extracts

Reaction mixture contained 40 mM HEPES pH 7.8, 0.1
mM EDTA, 10 mM MgCl2, 0.2 mg/ml BSA, 50 mM
KCl, 3% (v/v) glycerol, 1 mM DTT, 2 mM ATP, 200
�M dNTPs, 15–20 �g of mitoplast extract and 100 nM
fluorescein-labeled substrate (depicted in the figure). Due
to undetectable efficiency of parental extracts in ligation re-
action with non-flap substrate containing 2RNA-18DNA
chimeric strand, after 2 h incubation at 37◦C, Lig III was
added to the final concentration of 400 nM followed by
further incubation at 37◦C for 20 min. Reactions were
stopped by the addition of Proteinase K and SDS to the
final concentration of 0.6 mg/mL and 0.5% (w/v), re-
spectively, and incubated at 55◦C for 30 min. Finally, all
reactions were stopped by adding 2× Loading Stop BF
(90% (v/v) formamide, 20 mM EDTA), incubated at 85◦C
for 5 min, cooled down on ice and resolved by 20%/7
M UREA/1× TBE denaturing polyacrylamide gel elec-
trophoresis. Gels were visualized using Typhoon fluores-
cence imager and product bands were quantified using
MultiGauge software.

Cellular EXOG level analysis

Whole cell extracts were prepared in RIPA lysis buffer (10
mM Tris–HCl pH 7.4, 140 mM NaCl, 5 mM EDTA, 1%
(v/v) Triton X-100, 1% (w/v) sodium deoxycholate and
0.1% (w/v) SDS) supplemented with 0.25 mM PMSF and
protease inhibitor cocktail. Protein concentration was mea-
sured by the Bradford method using the protein assay dye
reagent (Bio-Rad, #5000006). Equal amounts of extracts
(30 �g) were separated by SDS-PAGE and subsequently
probed with primary antibodies to detect EXOG (Supple-
mentary Table S4).

Proximity ligation assay (PLA)

PLA was performed using a pair of primary antibodies
raised in two different species according to manufacturer’s
instruction of the Duolink In Situ Kit (Sigma-Aldrich,
#DUO92002). Briefly, BEAS 2B cells were seeded at a
density of 20 000 cells/well in Lab-Tek Chamber Slides
w/Cover (Thermo Scientific, #178599) and incubated at
37◦C in 5% CO2 for 24 h. Cells were fixed and permeabi-
lized with 4% paraformaldehyde, 0.2% Tween-20 in PBS for
20 min. After three washes with PBS, primary antibodies
(details in Supplementary Table S4) recognizing the follow-
ing targets were used: RNase H1, EXOG, FEN1, Lig III,
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Pol �A, Pol �B, COX IV (source in Supplementary Table
S4) and dsDNA (source in Supplementary Table S4). The
binary interaction (close proximity) between proteins was
visualized using a red fluorescent signal. Images were cap-
tured using a Nikon Eclipse 80i inverted fluorescent micro-
scope with Photometric CoolSNAP HQ2 camera and NIS-
Elements BR 3.10 software.

Mitochondrial fractionation

The 1 × 107 of BEAS 2B cells were used for mitochon-
drial fractionation to obtain two fractions containing the
mitochondrial outer membrane + intermembrane space
(OM + IMS) and mitochondrial inner membrane (IM) +
matrix as described in (47). 20 �g of each fraction, whole
cell extract (WCE), cytoplasm, and two mitochondrial sub-
fractions were separated by SDS-PAGE and subsequently
probed with primary antibodies (details in Supplementary
Table S4) recognizing the following targets: RNase H1,
EXOG, Pol �A, Pol �B, Lig III, FEN1, � subunit of ATP
synthase, TIM22, TOM22, �-actin and cytochrome c.

RESULTS

EXOG cleaves ssRNA of various lengths

Human EXOG was previously shown to cleave single-
stranded DNA and RNA substrates with higher efficiency
as compared to duplex structures (32,36,37). To address
functional implications of this broad spectrum of activi-
ties we purified the hEXOG-�58 truncation mutant (pre-
viously described by us in (36)) lacking 58 amino acids
at the N-terminus which constitute mitochondrial local-
ization sequence (MLS), trans-membrane domain and a
predicted unstructured region (Supplementary Figure S1).
Since EXOG is a 5′-3′ exonuclease, we used DNA and RNA
substrates labeled at 3′-end with fluorescein and confirmed
that under identical experimental conditions the hEXOG-
�58 variant (further referred to as EXOG) cleaves single-
stranded substrates (both ssDNA and ssRNA) with sig-
nificantly higher efficiency than gapped DNA:DNA and
RNA:DNA duplexes (Supplementary Figure S2).

Very efficient ssRNA cleavage by EXOG and the abil-
ity of Pol � to displace several nucleotides of the down-
stream RNA (10) led us to investigate whether the length of
ssRNA affects the cleavage efficiency by EXOG. To avoid
potential sequence-dependent cleavage site preferences of
EXOG, we examined nucleolytic activity of EXOG using
homooligonucleotides of different length: U5, U10, U20 and
U30 in the time-course experiment. We found that 10-mer
and longer ssRNA oligonucleotides were cleaved with sim-
ilar efficiency as 50% of the initial amount of substrate was
cut after 5 min of the reaction time (Figure 1A and B). In-
terestingly, the cleavage was very rapid even though the re-
actions were performed at large excess of substrates over
enzyme (400 nM of the substrate and 0.1 nM of EXOG).
This could be explained by the fact that polyU, unlike het-
erooligomeric RNA or any ssDNA molecules, does not
form secondary structures at physiological conditions (48),
therefore, is likely to be readily targeted to the active site
of EXOG. The shortest ssRNA oligomer tested (5-nt long)

was more resistant to EXOG degradation as 50% of the sub-
strate was cleaved in >30 min (Figure 1B). Based on the
recent crystal structure of the EXOG-dsRNA/DNA com-
plex (PDB: 5ZKJ) (37) we modelled EXOG-ssRNA inter-
actions and show that EXOG interacts with 5 nt of RNA
from the 5′-end (Figure 1C). Presumably, with each con-
secutive cut, interactions between EXOG and progressively
shorter ssRNA are lost, thus explaining lower cleavage effi-
ciency of 5-nt RNA substrate as compared to longer ssRNA
oligomers.

EXOG efficiently removes RNA flaps

It has been shown that Pol � forms short 5′-flaps due to
its limited intrinsic ability to displace downstream DNA or
RNA encountered during mtDNA synthesis (9,10). Since
our results showed that EXOG efficiently cleaves ssRNA of
various lengths, next we tested its ability to process sub-
strates that mimic the flap-dependent pathway of RNA
primer removal and analyzed various nicked substrates con-
taining downstream 5′ RNA flaps with fluorescently labeled
3′ end (Figure 2A and B). All the unlabeled blunt ends in
linear substrates used in this study are blocked with biotin.
First, we tested the cleavage activity of EXOG on a short
2-nt long RNA (2RNA) flap and compared its processing
to a non-flap, nicked substrate with downstream 2RNA-
18DNA chimeric oligonucleotide. We found that EXOG
cleaves 2RNA flap very efficiently (Figure 2A, lanes 2–6),
pausing at the bottom of the flap (as a 20-nt band is a
dominant product, lanes 4 and 5) thus generating the op-
timal substrate for ligation. A limited activity of EXOG
was displayed on the non-flap, nicked substrate (Figure 2A,
lanes 24–28), which is in line with recently published data
(37). To compare the activity of RNase H1 on the same
substrate under the same experimental conditions, we pu-
rified RNase H1 (Supplementary Figure S3) and show that
it cleaves neither 2RNA flap (Figure 2A, lanes 7–11) nor
non-flap 2RNA-18DNA chimera (Figure 2A, lanes 29–33).
We then analyzed if longer RNA-containing flaps are also
susceptible to the EXOG-mediated cleavage. Flaps consist-
ing solely of RNA (15U and heterogeneous 15RNA flaps)
were cleaved very efficiently (Figure 2B, lanes 2–6 and 14–
18, respectively). At 100 nM concentration of EXOG both
RNA flaps were removed completely generating a nicked
product optimal for ligation (Figure 2B, lanes 5 and 17),
similarly to the short 2RNA flap cleavage (Figure 2A, lane
5). In case of a chimeric 2RNA-13DNA flap we observed
pausing at the RNA-DNA junction at the lowest concen-
tration of EXOG (Figure 2A, lane 13) and further cleavage
required higher enzyme concentration (Figure 2A, lanes 14–
16). In contrast to RNA flaps, the chimeric flap removal did
not generate the optimal substrate for ligation. We observed
accumulation of products shorter than 20 nt, which suggests
that after flap removal EXOG cleaves out additional 1 or 2
nucleotides from the downstream DNA duplex (Figure 2A,
lanes 14–16). In comparison, all long RNA-containing flaps
were resistant to RNase H1 (Figure 2A, lanes 17–21; Figure
2B, lanes 7–11 and 19–23). Together, both short and long
RNA flaps are efficiently removed by EXOG yet pausing of
EXOG at the RNA-DNA junction in case of chimeric flaps
contributes to reduced cleavage efficiency (Figure 2C).
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Figure 1. EXOG efficiently cleaves ssRNA of various lengths. (A) 400 nM of ssRNA (5-mer O3, 10-mer O4, 20-mer O5, 30-mer O6, Supplementary Table
S1) was incubated with 0.1 nM EXOG. Reactions were stopped at indicated time points (0, 1, 5, 10, 30, 60 min) and analyzed on a 23% denaturing
polyacrylamide gel. Corresponding molecular weight standards are marked with M. (B) Densitometric analysis of the decrease of tested substrates in (A).
The graph presents the mean values with standard deviations (error bars) from two experiments. (C) Model of EXOG-ssRNA complex (based on crystal
structure PDB: 5ZKJ) shows that EXOG (green) interacts with 5 nt of RNA (red) from the 5′ -end. After every consecutive cut EXOG looses contacts
with the substrate explaining lower efficiency of cleavage for short substrates.

RNA clearance from non-flap substrates requires both EXOG
and RNase H1

We further tested RNase H1 activity on a nicked, non-flap
10RNA-10DNA chimeric substrate and as expected we ob-
served a very efficient cleavage of RNA with 1, 2 and 3 ri-
bonucleotides left attached to the 5′ end of the DNA (Fig-
ure 2B, lanes 31–35). Conversely, EXOG showed very lim-
ited activity at the highest concentration tested (Figure 2B,
lanes 26–30). It was previously shown for non-flap sub-
strates containing 2RNA-18DNA chimeric strand that the
cleavage activity of EXOG is more limited with a nick in
comparison to gap-containing substrates (37). Therefore,
we examined the activity of EXOG using both nick and
gap substrates with downstream 10RNA-10DNA oligonu-
cleotide (Supplementary Figure S4). The efficiency of gap
substrates processing was indeed slightly enhanced in com-
parison to the nick substrate. However, even at the highest
concentration of EXOG, a dominant product corresponded
to the 18-nt band, which means that 8-nt RNA fragment
remained attached to the 5′ end of the DNA. Together, the
observed substrate specificity of both enzymes, RNase H1
and EXOG, is in favor of their consecutive action during
the complete non-flap RNA primer removal.

EXOG-mediated RNA flap removal enables ligation of linear
substrates

To test if nucleolytic activity of EXOG generates ligatable
products after RNA flap removal, we purified proteins in-
volved in RNA primer removal in human mitochondria:
DNA ligase III, Pol �A, Pol �B, mtSSB and RNase H1

(Figure 3A). We then added 200nM of Lig III to reactions
containing 5 nM EXOG, 150 nM Pol � and 200 nM nick
substrates with various lengths of the flap (Figure 3B and
C). When the coupled cleavage-ligation reaction is success-
ful, the 44-nt long band corresponding to the ligated prod-
uct should be observed (Figure 3B). The label at the 3′ end
of the flap-containing strand allowed us to distinguish the
Pol � -driven primer extension and displacement of the en-
tire downstream oligonucleotide from the actual ligation of
the product. In case of both short (2RNA) and long (15U
and 15RNA) RNA flaps, we observed ligation in the pres-
ence of EXOG and Lig III (Figure 3C, lanes 4, 12 and 16,
respectively), which confirms that EXOG generates optimal
substrates for further nick sealing (Figure 2). The addition
of Pol � holoenzyme to these reactions resulted in slightly
less efficient ligation (Figure 3C and D, lanes 5, 13 and 17,
respectively). These results indicate that Pol � may interfere
with the ligation reaction but not with the cleavage of the
flaps, as in each case 20-nt long bands (black arrow) which
correspond to the flap-removed products of EXOG could
be observed. The accumulation of the 20-mers and reduced
ligation in Pol � -containing reactions could be explained
by the retention of Pol � at the nick or Pol � -driven par-
tial displacement of the downstream oligonucleotide after
the EXOG-mediated flap removal. Complete displacement,
on the other hand, may not be the case as the displaced ss-
DNA would be rapidly degraded in the presence of EXOG.
The substrate containing 2RNA-13DNA chimeric flap is
not efficiently ligated in the presence of EXOG and Lig III
(Figure 3C, lane 8). As observed in the exonuclease activity
experiment (Figure 2A, lane 12–16), EXOG pauses at the
RNA-DNA junction, resulting in delayed flap removal, as
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Figure 2. EXOG removes RNA from both short and long RNA-containing flaps. 200 nM of each nicked substrate (schemes of the substrates are placed
at the top of the figure from left: S3, S4 and S7 in (A); S5, S6 and S8 in (B), Supplementary Table S2) was incubated with the increasing concentration
of EXOG or RNase H1 (5, 50, 100, 200 nM). After 5 min of incubation, reactions were stopped and analyzed on a 23% denaturing polyacrylamide gel.
Corresponding molecular weight standards are marked with M. As a control in (B), long stretches of RNA were non-enzymatically removed by KOH
treatment (300 mM KOH, 55◦C, 120 min). (C) Densitometric analysis of the decrease of tested substrates in the presence of EXOG (left) and RNase H1
(right). The graphs present the mean values with standard deviations (error bars) from two experiments.

well as excises nucleotides from the downstream DNA du-
plex after the flap cleavage, thus generating gaps. Both cir-
cumstances pose obstacles to Lig III activity. However, the
addition of Pol � results in increased ligation efficiency (Fig-
ure 3C and D, lane 9). Pol � might therefore either prevent
gap generation by EXOG or simply fill in the gap to form a
nick for Lig III-driven sealing. We then investigated whether

RNase H1 is able to support ligation of the flap substrates
in the presence of Lig III and Pol � . However, we did not
observe ligation products for any substrates tested (Supple-
mentary Figure S5). Together, EXOG in cooperation with
Pol � and Lig III promotes ligation of RNA flap-containing
linear substrates, whereas RNase H1 activity does not sup-
port subsequent ligation of any substrate tested.
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Figure 3. EXOG generates ligatable products after flap removal. (A)
Coomassie blue-stained SDS-PAGE (15%) analysis after preparative pu-
rification of the proteins (samples of 1 �g each) used in this study. Corre-
sponding molecular weight standards are marked with M. (B) Scheme of
the coupled cleavage-ligation reaction on the nicked substrates with vari-
ous RNA-containing flaps. (C) Ligation assay was performed as described
in Materials and Methods. Schemes of the substrates are placed at the top
of the figure from left: nicked substrates S3–S6, Supplementary Table S2.
200 nM of each substrate was preincubated with indicated enzymes: 200
nM Lig III, 5 nM EXOG and 150 nM Pol � , for 10 min at 37◦C in the pres-
ence of 10 mM MgCl2, 1 mM ATP, 1 mM dNTPs and 1.89 �M Strepta-
vidin, followed by the addition of unlabeled competitor DNA (C1, Supple-
mentary Table S1). After 1h of incubation at 37◦C, reactions were stopped
and analyzed on a 23% denaturing polyacrylamide gel. Green arrows indi-
cate bands corresponding to the final products of ligation, black arrows –
20-nt long intermediate products. Corresponding molecular weight stan-
dards are marked with M. (D) Densitometric analysis of the ligated prod-
uct formation in (C). The value of 100% corresponds to the final product
of ligation reaction including Lig III and EXOG (lanes 4, 8, 12 and 16).
The graphs present the mean values with standard deviations (error bars)
from two experiments.

EXOG is required for the reconstitution of primer extension
coupled with ligation of circular substrates containing RNA

We also reconstituted the EXOG-assisted ligation reaction
preceded by Pol � -driven primer extension on a circular
template. We used different primers with RNA-containing

flaps as well as RNA or DNA non-flap 5′-ends. Circu-
lar single-stranded template (2.5 nM) was converted into a
double-stranded molecule as a result of the DNA synthe-
sis by Pol � (12.5 nM) in the presence of mtSSB (2.5 nM).
Intermediate products obtained in that fashion required 5′-
end cleaning of the RNA primer and were subsequently lig-
ated to generate the final ligated product (Figures 4A and
5A). Reactions were initiated by 20 min of Pol � -driven
DNA synthesis followed by the addition of EXOG (750
pM), RNase H1 (750 pM) and Lig III (25 nM) in various
combinations (Figures 4A and 5A). The presence of [�-32P]
dCTP in the reactions allows to monitor primer extension
by Pol � and the separation of reactions in denaturing poly-
acrylamide gels enables us to distinguish the fully circular
product from unligated intermediates. As a control we used
5′-phosphorylated, non-flap DNA primer and showed that
Lig III alone was able to form the ligated closed circular
product (Figure 4B, lane 4). The addition of RNase H1 does
not affect the reaction (Figure 4B and C, lane 8). The pres-
ence of EXOG, on the other hand, removes the intermediate
products (Figure 4B, compare lanes 4 and 7). RNA flap-
containing circular substrates, both short and long flaps,
are processed and ligated very efficiently into closed circular
products exclusively in the presence of EXOG (Figure 5B,
lanes 7 and 23, respectively). Similar to the linear substrates,
the least efficient yet still evident ligation was observed for
the substrate with 2RNA-13DNA chimeric flap (Figure 5B,
lane 15). The ligation reactions remained unaffected upon
the addition of RNase H1 (Figure 5B and C, lanes 8, 9, 16,
17, 24 and 25). These results indicate that EXOG is suffi-
cient to mediate ligation of all RNA flap-containing circular
substrates tested.

EXOG-RNase H1 cooperation increases the efficiency of lig-
ation of non-flap RNA-containing substrates

In case of a non-flap RNA-containing substrate with a short
2RNA stretch at the 5′ end of the primer, EXOG medi-
ated conversion of all intermediates into the closed circular
product (Figure 4B, lane 15). No ligation was observed for
RNase H1 on that substrate (Figure 4B, lanes 16). When
the RNA stretch at the 5′ end of the non-flap primer was
longer (15 nt), EXOG alone was also able to process it and
supported closed circular product formation, albeit with
lower efficiency than that on the short 2RNA non-flap sub-
strate (Figure 4B, compare lanes 15 and 23). Again, RNase
H1 alone was unable to support ligation of that substrate
(Figure 4B, lane 24). However, a full conversion into the
closed circular product was observed when both EXOG and
RNase H1 were present in the reaction (Figure 4B and C,
lane 25). To check if RNA was completely removed from
the ligated products, we treated ligation reaction products
of non-flap substrates with KOH, which chemically removes
ribonucleotides. The comparison of KOH-treated and un-
treated samples (Supplementary Figure S6) demonstrates
unaffected migration of bands corresponding to the ligation
products, which confirms complete RNA excision.

The cooperation between EXOG and RNase H1 is re-
quired to completely remove RNA in non-flap substrates
and allow for further efficient nick sealing by Lig III. To dis-
sect the mechanism of this cooperation we examined RNA
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Figure 4. EXOG mediates ligation of circular RNA-containing non-flap substrates after primer extension by Pol � . (A) Scheme of the primer extension-
ligation reaction on the circular non-flap substrates. (B) Primer extension-ligation assay was performed as described in Materials and Methods. Schemes of
the substrates are placed at the top of the figure from left: S15–S17, Supplementary Table S2. 2.5 nM of each substrate was preincubated with 12.5 nM Pol
� and 2.5 nM hmtSSB for 20 min at 37◦C in the presence of 10 mM MgCl2, 1 mM ATP, 0.5 �M unlabeled dNTPs and 2.5 nM [�-32P] dCTP, followed by
the addition of indicated enzymes: 25 nM Lig III, 750 pM EXOG and/or 750 pM RNase H1. After 1h of incubation at 37◦C, reactions were stopped and
analyzed on a 12% denaturing polyacrylamide gel. Black bracket indicates bands corresponding to the intermediate products, green arrow – final products
of ligation. Unlabeled substrates are not visible. Corresponding molecular weight standards are marked with M. (C) Densitometric analysis of the ligated
closed circular product formation in (B). The value of 100% corresponds to the final product of ligation reaction including Pol � , SSB, Lig III, EXOG and
RNase H1 (lanes 9, 17 and 25). The graphs present the mean values with standard deviations (error bars) from two experiments.

removal pattern by titrating one enzyme against the other in
the cleavage assay using a nicked, non-flap 10RNA-10DNA
chimeric linear substrate (Figure 6A). As expected, RNase
H1 alone leaves 1–3 RNA nucleotides (22) (Figure 6B, lanes
3–6) and EXOG has limited activity on this substrate (Fig-
ure 6C, lanes 3–6). As confirmed by base treatment (Figure
6B and C, lane 12), only when both nucleases were present,
complete removal of RNA from tested substrates could be
achieved (Figure 6B and C, lanes 7–11). Accumulation of
RNA-free products along with the increasing concentra-
tions of RNase H1 was exclusively observed in the presence
of EXOG (Figure 6B, arrow). Similarly, the increasing con-
centrations of EXOG merely in the presence of RNase H1
resulted in the appearance of the same bands corresponding
to the DNA products after the entire RNA removal (Figure

6C, arrow). Thus, the close coordination between EXOG
and RNase H1 is necessary for total RNA clearance.

Upregulation of EXOG in mitochondria enhances ligation of
RNA-containing substrates

To confirm that EXOG could be involved in the process-
ing of nonligatable replication intermediates in mitochon-
dria, we upregulated the levels of EXOG in human 293
cells and tested the ligation activity of corresponding mi-
tochondrial extracts as compared to parental cells (Sup-
plementary Figure S7). As a control, catalytically inac-
tive EXOG-H140A (36) was overproduced. We assayed
the non-flap substrate containing 2RNA-18DNA chimeric
strand as well as the RNA flap-containing substrate (Fig-
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Figure 5. EXOG mediates ligation of circular substrates containing RNA flaps after primer extension by Pol � . (A) Scheme of the primer extension-ligation
reaction on the circular substrates with various RNA-containing flaps. (B) Primer extension-ligation assay was performed as described in Materials and
Methods and in the legend to Figure 4B. Schemes of the substrates are placed at the top of the figure from left: S12–S14, Supplementary Table S2.
Black bracket indicates bands corresponding to the intermediate products, green arrow – final products of ligation. Unlabeled substrates are not visible.
Corresponding molecular weight standards are marked with M. (C) Densitometric analysis of the ligated closed circular product formation in (B). The
value of 100% corresponds to the final product of ligation reaction including Pol � , SSB, Lig III, EXOG and RNase H1 (lanes 9, 17 and 25). The graphs
present the mean values with standard deviations (error bars) from two experiments.

ure 7A, top of the panel). We found that upregulation of
active EXOG enhanced ligation of both RNA-containing
substrates (Figure 7A and B). Notably, such an effect
was not observed for mitochondrial extracts overproduc-
ing cataliticaly-inactive EXOG-H140A (Figure 7A and B),
showing that the enhanced ligation of the substrates de-
pends on EXOG-mediated nucleolytic processing. These re-
sults indicate the involvement of EXOG in RNA primer
processing in mitochondria.

RNase H1 forms a complex with EXOG and other mitochon-
drial replication enzymes, but not with FEN1

The functional interplay between EXOG and RNase H1
prompted us to examine the possibility of a direct interac-

tion between these two enzymes. Thus, we used microscale
thermophoresis (MST) technique to test whether EXOG
and RNase H1 physically interact with each other. We pu-
rified Alexa 647-labeled RNase H1 (Supplementary Figure
S8A and B) and showed that labeling of RNase H1 with
Alexa 647 fluorophore does not change biochemical prop-
erties of the enzyme (Supplementary Figure S8C). We then
titrated Alexa 647-labeled RNase H1 with increasing con-
centration of unlabeled EXOG (Figure 6D). Analysis of
MST binding data clearly indicate a formation of the com-
plex between RNase H1 and EXOG with an apparent dis-
sociation constant (Kd,app) of 22.5 ± 3.1 nM (Figure 6D
and F). To ensure that the fluorescent probe does not con-
tribute to the binding between these two enzymes, we puri-
fied Alexa 647-labeled EXOG (Supplementary Figure S9A
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Figure 6. Coordinated action of EXOG and RNase H1 is required for complete non-flap RNA removal. Scheme of the reaction is presented in (A). (B)
200 nM of a non-flap nicked substrate (S8, Supplementary Table S2) was incubated with the increasing concentration of RNase H1 (25, 50, 100, 200 nM)
in the presence or absence of EXOG (100 nM). After 5 min of incubation, reactions were stopped and analyzed on a 23% denaturing polyacrylamide
gel. As a control, RNA was non-enzymatically removed by KOH treatment (300 mM KOH, 55◦C, 120 min). An arrow indicates bands corresponding to
the RNA-free products. Corresponding molecular weight standards are marked with M. (C) Reactions performed as described in (B) with the increasing
concentration of EXOG (25, 50, 100, 200 nM) in the presence or absence of RNase H1 (100 nM). (D) Thermophoresis signal of the titration of RNase H1
(∼10 pM–320 nM) against 2 nM Alexa 647-labeled EXOG. Fit of the changes in thermophoresis signal to a single-site binding model yield Kd of 9.9 ± 2.2
nM. Error bars indicate the standard deviation of a triplicate of experiments. (E) The interaction of RNase H1 with EXOG, Pol �A, Pol �B, Lig III or
FEN1 was investigated using PLA in human lung epithelial cells. The primary antibodies of two different species are indicated (m – mouse; r – rabbit).
The specificity of the interaction was monitored by the interaction between RNase H1 and the mitochondrial protein marker COX IV (mitochondrial
inner membrane protein). Representative images of at least two independent experiments are shown. (F) Table summarizing results from MST. (G) Protein
interaction network for enzymes involved in human mitochondrial RNA primer removal. Red line – novel interactions identified in this work; black lines
– previously known protein–protein interactions.
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Figure 7. EXOG overproduction improves ligation of RNA-containing
substrates in mitoplast extracts. (A) Results of ligation assay with RNA-
containing substrates and mitoplast extracts. The assay was performed as
described in Materials and Methods. Schemes of the substrates are placed
at the top of the figure (from left: S18 and S19 Supplementary Table S2).
The reactions with non-flap substrate (left) were supplemented with Lig
III. The upper box represents the same boxed area as the gel below but
with extended exposure. Coomassie blue-stained SDS-PAGE analysis of
mitoplast extracts was applied to confirm that equal amounts of the sam-
ples were used for the reactions. Green arrows indicate bands correspond-
ing with final products of ligation, blue arrows – substrates. Corresponding
molecular weight standards are marked with M. (B) Densitometric analy-
sis of the ligation product formation in (A). The value of 100% corresponds
to the product of ligation reaction for control parental 293 cells (lanes 4
and 9). The graph presents the mean values with standard deviations (er-
ror bars) from at least two biological repeats.

and B) and performed reverse titration where Alexa 647-
labeled EXOG was titrated with increasing concentration of
unlabeled RNase H1. Similar value of an apparent dissocia-
tion constant (Kd,app = 9.9 ± 2.2 nM) provides the evidence
that the interaction between EXOG and RNase H1 is spe-
cific (Supplementary Figure S9C). The labeling of EXOG
also does not affect its enzymatic activity (Supplementary
Figure S9D).

To test whether a mere presence of either enzyme or its
catalytic activity is necessary for the successful RNA primer
removal we purified catalytically inactive variants of EXOG
(EXOG-H140G, Supplementary Figures S1 and S10; (36))

and RNase H1 (RNase H1-D210N, Supplementary Figure
S3; (49)) and tested the RNA removal in the cleavage assay
using nucleolytically inactive variants so that one enzyme of
the pair was inactive. As hypothesized, the presence of nu-
cleolytically inactive variants of each enzyme resulted in in-
complete RNA removal (Supplementary Figure S11A-C).
This effect was not due to the loss of protein-protein in-
teractions between inactive variant of one enzyme and the
wild-type variant of the other as an apparent dissociation
constant did not appear to be significantly altered (Kd,app
of 5.8 ± 2.0 nM and 3.0 ± 1.0 nM for EXOG-H140G-wt
RNase H1 and wt EXOG-RNase H1-D210N, respectively;
Supplementary Figure S11D).

EXOG was previously shown to interact with Pol � and
Lig III (33,50). Using MST, we investigated possible com-
plex formation between RNase H1 and these enzymes. We
titrated Alexa 647-labeled RNase H1 with increasing con-
centration of unlabeled Pol �A, Pol �B and Lig III (Fig-
ure 6D). Indeed, we observed the binding of both Pol �A
(Kd,app = 418 ± 71.6 nM) and Pol �B (Kd,app = 401 ± 57.3
nM) as well as Lig III (Kd,app = 190 ± 32.0 nM) to RNase
H1 (Figure 6D and F). Since FEN1 was previously pro-
posed to be involved in mitochondrial primer removal (23),
we also analyzed the possible complex formation of FEN1
with RNase H1 and EXOG. We purified FEN1 (Supple-
mentary Figure S12A and B) and confirmed its specific
endonuclease activity towards flap-containing substrates
(Supplementary Figure S12C). Both Alexa-labeled RNase
H1 and EXOG were titrated with increasing concentrations
of unlabeled FEN1. Even at the highest concentrations of
FEN1 no binding to either RNase H1 (Figure 6D and F) or
EXOG was detected (Supplementary Figure S13A).

To provide direct evidence for the biological significance
of newly discovered interactions, we used the Proximity
Ligation Assay (PLA) approach which allows the detec-
tion of close proximity/interaction between two proteins
in cellulo based on antibody specificity. We detected inter-
actions between RNase H1 and EXOG, Pol �A, Pol �B,
and Lig3 (Figure 6E, i–iv and S14) in human lung ep-
ithelial BEAS 2B cells. However, we did not observe in-
teractions either between RNase H1 and FEN1 (Figure
6E, v and S14) or EXOG and FEN1 (Supplementary Fig-
ure S13B, i and S14). The specificity of the assay was con-
firmed by lack of interaction between RNase H1 and the
subunit of the cytochrome c oxidase (COX IV) located
in the inner mitochondrial membrane (Figure 6E, vi and
S14), while strong signal was observed for interaction be-
tween EXOG and dsDNA (mtDNA) (Supplementary Fig-
ures S13B, ii and S14). Our PLA results are in agreement
with in vitro MST results, showing that RNase H1 forms
a complex not only with EXOG but also with both sub-
units of Pol � as well as Lig III, whereas FEN1 interacts
with neither EXOG nor RNase H1. Together, the reconsti-
tuted primer extension-ligation reactions (Figure 4) along
with the cleavage assay and MST/PLA binary interaction
studies strongly indicate functional and physical interac-
tions between EXOG and RNase H1, and support the pro-
posed mechanism of cooperation between both enzymes in
the flap-independent pathway of RNA primer removal in
mitochondria.
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FEN1 is not observed in mitochondrial fractions of the human
lung epithelial cells

Reports on mitochondrial localization of FEN1 are con-
tradictory and argue about its role in mtDNA process-
ing (29,30,51–53). Since our in vitro and in cellulo re-
sults demonstrate that FEN1 is not interacting with ei-
ther RNase H1 or EXOG, we investigated a submito-
chondrial localization of FEN1 in non-tumorigenic de-
rived cells. Crude mitochondria isolated from the human
lung epithelial cells (BEAS 2B) were further separated into
two fractions containing the outer membrane with inter-
membrane space proteins and inner membrane with ma-
trix proteins using protocol described in (47). The frac-
tions purity was tested using mitochondrial translocase
of the outer membrane subunit 22 (TOM22) and translo-
case of the inner membrane subunit 22 (TIM22) that
are localized in the outer and inner mitochondrial mem-
brane, respectively (Supplementary Figure S13C). In ad-
dition, we tested localization of cytochrome c and � sub-
unit of ATP synthase that localized in the intermembrane
space/inner membrane and inner membrane, respectively
(Supplementary Figure S13C). mtDNA together with pro-
teins involved in replication and repair of the mtDNA are
localized in the mitochondrial matrix in close proximity
to the inner mitochondrial membrane (54). We detected
RNase H1, EXOG, catalytic and accessory subunits of Pol
� and Lig III but not FEN1 to localize mostly in the inner
membrane/mitochondrial matrix fraction (Supplementary
Figure S13C). FEN1 was hardly detectable in both mito-
chondrial fractions, while it was readily detected in whole
cell extract and cytosolic fraction. The faint signal of FEN1
in the inner membrane/mitochondrial matrix fraction may
represent contamination, alike faint signal for cytoplasmic
marker, �-actin. Our combined results indicate that FEN1
involvement in replication of the mtDNA in human lung
epithelial cells seems unlikely.

DISCUSSION

A search for the nuclease involved in primer removal during
mtDNA replication and a broad spectrum of substrates rec-
ognized and processed by EXOG (36,37) led us to hypoth-
esize that this enzyme, exclusively located in mitochondria,
could be a perfect candidate for RNA primer removal ac-
tivity. It was previously suggested that a FEN1-like activity
is needed for primer removal in mitochondria (23) favoring
a flap-dependent pathway of primer removal during DNA
replication in mitochondria. However, the Pol � -mediated
RNA displacement was shown to be limited in in vitro as-
say (10) and the flap formation by Pol � in vivo is still de-
bated. On the other hand, recently published in vitro cleav-
age results showed that EXOG can specifically excise RNA
dinucleotide at the junction of RNA and DNA in a du-
plex (37), thus having a potential to provide an alternative
flap-independent pathway of primer removal after the ini-
tial RNase H1-catalysed cleavage. Whether EXOG activity
leads to the formation of ligatable ends has not been eluci-
dated.

In this work, we demonstrate that EXOG cleaves very ef-
ficiently and accurately single-stranded RNA flaps of vari-
ous lengths (2 and 15 nt) and, in concert with Pol � and Lig

III, generates ligated products. Additionally, we observed
that the ligation efficiency of the substrate containing RNA
flap is enhanced in mitochondrial extracts where enzymati-
cally active EXOG is overproduced (Figure 7, right panel).
If short RNA flap could be further displaced by Pol � , a
chimeric RNA-DNA flap would be generated. EXOG pro-
cesses chimeric flaps as well albeit with lower efficiency as it
pauses at the RNA-DNA junction. Nevertheless, in our re-
constituted primer extension-ligation reaction with the cir-
cular template containing chimeric flap, we observed the
formation of ligated product in the presence of EXOG (Fig-
ure 5). Possibly, the activity of another mitochondrial nu-
clease, e.g. MGME1, DNA flap-specific enzyme (10), could
further increase the efficiency of the chimeric flap removal
and thus the ligation reaction. Alternatively, the pausing of
EXOG at the RNA-DNA junction during the cleavage of
chimeric flaps, together with exonuclease activity of Pol � ,
could allow reannealing of the displaced DNA to the tem-
plate strand. As a result, it is plausible that mere RNA clear-
ance from a chimeric flap could be sufficient to generate lig-
atable substrate for Lig III. This scenario remains to be ver-
ified, as the chimeric flap of the substrate in our experiments
was not complementary to the template.

FEN1 and Dna2 are nucleases involved in the flap cleav-
age during Okazaki fragments maturation of the lagging
strand in eukaryotic nuclear DNA replication (24–28). Two
main pathways of this process were proposed (for recent re-
views, refer to (55–57)): primary, short-flap pathway involv-
ing FEN1, and the secondary, less frequent pathway that
removes ‘runaway’ longer flaps via the combined activity of
Dna2, FEN1 and a single-stranded DNA-binding protein
RPA (26). Here we show that EXOG participates in both
short and long RNA flap removal which may occur during
the mtDNA processing, and thus combines the activities of
FEN1 and Dna2 into one enzyme. Moreover, we found that
not only does FEN1 interact with neither RNase H1 nor
EXOG, but also it is absent from mitochondria of human
lung epithelial cells. Our results explain previously reported
lack of effect of FEN1 depletion on OriL ligation in vivo
(23). Since Dna2 contains a non-canonical MTS and was
shown to localize to mitochondria (53,58), it could either
cooperate with EXOG or otherwise affect processing of the
longer flaps during mitochondrial primer removal.

We demonstrated that alternative model for non-flap
RNA removal also works efficiently. It requires a consec-
utive action of both EXOG and RNase H1 to excise RNA
primer and obtain the ligated product thus providing evi-
dence of the non-redundant function of both enzymes. Im-
portantly, KOH-treatment of the products reveals no resid-
ual ribonucleotides, confirming that cooperation of EXOG
with RNase H1 leads to complete removal of the RNA
primer. Moreover, we observed that upregulation of enzy-
matically active EXOG in mitochondrial extracts increases
the ligation efficiency of the substrate containing a short
fragment of RNA that is not further processed by RNase
H1 (Figure 7, left panel). Finally, our MST binding stud-
ies and results of our PLA in cellulo proximity/interactions
confirmed the physical interaction between EXOG and
RNase H1. As enzymatic activity of both enzymes is crit-
ical for complete RNA removal, it suggests that EXOG
and RNase H1 could act together as a complex on the
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Figure 8. Model for possible pathways of mitochondrial RNA primer removal. RNA primer longer than 2 nucleotides (1) can be either displaced by Pol
� , creating a long RNA flap (2), or partially cleaved by RNase H1, leaving a few ribonucloetides at the 5′ end of DNA (3). Both intermediate products
are immediately processed by EXOG to remove remaining RNA. Alternatively, Pol � displaces a short RNA fragment after RNase H1 processing, thus
generating either a short RNA flap (4) or RNA–DNA chimeric flap (5). Both flaps are cleaved by EXOG. In case of flaps consisting solely of RNA (2 and
4), EXOG-mediated flaps removal generates optimal product (6) for final ligation (8). The non-flap RNA primer (3) processing as well as the RNA–DNA
chimeric flap (5) excision produce gaps (7) that require the gap-filling activity of Pol � before ligation reaction. The model assumes that the flap-dependent
pathway is served by either one or two nucleases. The flap-independent pathway requires the activity of both nucleases.

common substrate. Reconstituted by us in vitro complete
RNA primer removal pathway is a multi-step process and
requires coordinated action of proteins with different en-
zymatic properties. A complex formation between Pol �A,
Pol �B, Lig III and EXOG have been previously shown
(33,50,59). Here we report the novel interaction between
RNase H1 and EXOG as well as Pol �A, Pol �B and Lig
III (Figure 6G). Synchronized action of all these proteins
within a large multienzyme machine may be necessary to
catalyze multiple transactions required to process the RNA
primer and terminate mtDNA replication. Identification of
the minimal set of mitochondrial enzymes necessary for the
complete RNA primer removal in vitro offers the possibil-
ity to examine the effect of detrimental and compensatory
patient-derived mutations identified in those enzymes on
the efficiency of entire RNA primer removal pathway.

In conclusion, we show that EXOG is a multifunctional
mitochondrial ribonuclease which facilitates the removal of
RNA primer and supports the ligation of RNA-free ends.
Our findings let us to propose a model of possible path-
ways that lead to the RNA primer removal and ligation dur-
ing mtDNA replication (Figure 8). This includes the flap-
dependent pathway, which requires a strand-displacement
activity of Pol � , as well as the flap-independent pathway,
where a coordinated action of EXOG and RNase H1 is re-
quired. The cleavage of long RNA flaps could be merely
dependent on the activity of EXOG. Since Pol � possesses
limited strand-displacement activity (9–11), multiple repe-
tition of Pol � -driven displacement and EXOG-mediated
removal of short/medium-length RNA flaps are feasible to
contribute to the primer removal in mitochondria. When
RNA primer is partially processed by RNase H1 and a few
ribonucleotides are still attached to the 5′-end of DNA, the
remaining RNA fragment may or may not be displaced by
Pol � into a short RNA or RNA–DNA chimeric flap. Re-
gardless the pathway, the nucleolytic activity of EXOG re-

moves RNA remnants allowing for subsequent ligation by
Lig III.
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