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Abstract

Single-stranded DNA (ssDNA) is an important intermediate generated during various cellular DNA transactions, primarily during long-patch base
excision repair. When displaced by DNA polymerase during strand displacement DNA synthesis, ssDNA forms 5’ overhangs (flaps) that are either
cleaved by DNA nucleases or protected from degradation upon binding of single-stranded DNA-binding proteins (SSB). Several nucleases are
involved in the removal of ssDNA flaps in human mitochondria, namely the endonucleases FEN1 and DNAZ2, as well as the exonuclease MGME1.
In this study, we show that another mitochondrial nuclease, EXOG, cleaves DNA flaps in both free and SSB-protected forms. We established
that the presence of the Wing domain in EXOG structure provides additional binding site for ssDNA and &' flaps irrespective of monovalent
salt concentration. Importantly, DNA flap cleavage by EXOG is compatible with the activity of other mitochondrial enzymes involved in DNA
replication/repair, e.g. mtSSB, Pol v, and Lig Ill, as we were able to reconstitute a multistep reaction of DNA synthesis, flap removal, and nick
ligation. Our findings highlight the versatile role of EXOG in maintaining mitochondrial DNA integrity, expanding its DNA processing repertoire
to include ssDNA flap removal.
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Genomes of mitochondria (mtDNA) are distinct from nu-
clear genomes and structurally similar to prokaryotic DNA,
which is explained by the bacterial origin of mitochondria (re-
viewed in [1]). In humans, mtDNA is a double-stranded cir-
cular molecule of merely 16.6 kbp (compared to 3.2 Gbp of
the haploid nuclear genome). Nevertheless, due to its presence
in multiple copies per cell, mtDNA constitutes a significant
fraction of total cellular DNA [2]. It encodes 13 proteins that

piration, thus making mtDNA essential to life. Importantly,
human mtDNA consists of densely packed exons (over 90%
of the sequence), with no introns, and only one major non-
coding region that controls its replication and transcription.
Therefore, every mutation in mtDNA can be detrimental to
the function of mitochondria. Considering that the mitochon-
drial environment is highly genotoxic due to the close prox-
imity of the electron transport chain and elevated levels of
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reactive oxygen species (ROS), the maintenance of mtDNA in-
tegrity and stability is crucial to mitochondrial functions and
thus the health of our cells. As loss of mtDNA integrity is re-
lated to both early-onset and age-related diseases [3], our un-
derstanding of factors affecting mitochondrial genome stabil-
ity is clinically relevant for the development of useful biomark-
ers and therapeutic strategies.

Cells employ DNA repair mechanisms to cope with DNA
damage. While several DNA repair pathways have been pro-
posed to take place in mitochondria [4-6], base excision re-
pair (BER) is considered the predominant pathway. BER is
largely responsible for removing nonbulky DNA lesions re-
sulting from oxidation, deamination, or alkylation [7]. These
lesions do not distort the DNA structure but may lead to DNA
replication errors or hinder DNA replication enzymes. The
general steps of the BER pathway include excision of the dam-
aged base, cleavage of the DNA backbone at the abasic site,
DNA end processing, gap filling, and ligation. When gap filling
requires a single nucleotide insertion, followed by ligation of
the intact DNA ends, short-patch BER (SP-BER) is sufficient.
It may happen, however, that either 3’ or 5’ end (or both) of a
strand break is modified, which corrupts a continuous strand
generation, leading to defective replication and contributing
to the formation of highly genotoxic double-stranded DNA
breaks [8]. Modifications at the 5" end originate from either
further chemical alterations (e.g. secondary ROS insult) or
protein—-DNA adducts formation [9], whose repair requires
more than one nucleotide replacement via an alternative long-
patch BER (LP-BER) subpathway. Evidence on the existence
of LP-BER in vivo was reported for mammalian cells [10] as
well as mitochondrial extracts [9, 11, 12].

The mechanism of LP-BER assumes strand displacement
DNA synthesis performed by replicative DNA polymerases
at the modified lesion site, which results in the generation of
single-stranded 5’ overhangs (flaps) [13, 14]. These overhangs
need to be processed by dedicated nucleases to generate the
appropriate substrate for DNA ligation. Long single-stranded
DNA (ssDNA) fragments generated in a cell are protected
by single-stranded DNA-binding (SSB) proteins from imme-
diate degradation. SSB proteins bind ssDNA tightly with no
sequence specificity, which facilitates DNA organization as
well as recruitment of other proteins to their sites of action
[15, 16]. Mitochondria contain their own SSB (mtSSB), which
forms a stable tetramer [17] similar to SSB from Escherichia
coli [18]. mtSSB is an essential component of the mitochon-
drial DNA replication machinery [19]; not only does mtSSB
protect ssDNA at the replication fork and support other repli-
cation proteins [20-22] but also restricts primer formation to
origins of replication and stabilizes R-loop formation, which is
important to balance replication and transcription of mtDNA
[23].

DNA nucleases (DNases) play a vital role in DNA main-
tenance. In mitochondria, several nucleases are implicated in
ssDNA processing: mitochondrial genome maintenance ex-
onuclease 1 (MGMET1) [24], flap endonuclease 1 (FENT1) [9],
DNA replication ATP-dependent helicase/nuclease (DNA2)
[25], and endo/exonuclease G (EXOG) [26]. MGMEI1 is ex-
clusively localized to mitochondria, and its role as a flap nucle-
ase in mtDNA maintenance was evidenced by several studies,
including the examination of MGME1 mutations reported in
patients [24, 27-29]. FEN1 and DNA2 are well-known flap
endonucleases essential during Okazaki fragments matura-

tion in nuclear DNA replication [30-34]. The role of FEN1
in maintaining mtDNA integrity [35] and BER [9] was re-
ported; however, its mitochondrial localization and activity
was shown to be dependent on the cell type tested [9, 11,
12,25, 35-37]. DNA2 was demonstrated to be important in
LP-BER in mitochondria as well as RNA primer processing
during mtDNA replication [25, 38, 39]. Finally, EXOG, a 5’
exo/endonuclease found in mitochondria of higher eukary-
otes [40], was shown to contribute to the processing of single-
strand breaks containing 5’-blocking oxidized deoxyribose as
well as to provide critical nuclease activity for LP-BER in mi-
tochondrial extracts [11, 26]. Due to the diversity of mito-
chondrial nucleases and putative cell-type specificity, the ex-
act mechanism of DNA end-processing step during LP-BER in
mitochondria is not clear.

Here, we examined human nuclease EXOG for its ability
to process DNA flaps. EXOG localizes exclusively to mito-
chondria [40] and was shown to be involved in mtDNA re-
pair and maintenance of mitochondrial function [26, 41, 42].
Structural and biochemical studies revealed that EXOG is a
sugar-nonspecific nuclease that cleaves a variety of substrates,
including ssDNA, double-stranded DNA (dsDNA), and abasic
sites (BER intermediates) [40, 43, 44] as well as RNA in RNA
flaps and RNA/DNA duplexes [37, 45] supporting its role in
RNA primer removal in mitochondria. EXOG is a paralog of
an unspecific endonuclease EndoG [46] and both belong to a
BB a-Me nuclease family [47]. Both enzymes are homodimers
with nearly identical Core domains [43, 48]. Notably, EXOG
possesses a distinctive C-terminal Wing domain, which has
been demonstrated to confer substrate specificity critical for
mtDNA repair [43]. Here, we show that the Wing domain of
EXOG also contributes to the binding and precise positioning
for cleavage of ssDNA but not ssRNA. Moreover, we found
that EXOG cleaves ssDNA flaps of various lengths and ef-
ficiently removes long, mtSSB-coated DNA flaps. Finally, by
reconstituting a ligation reaction preceded by DNA synthe-
sis and DNA flaps cleavage in the presence of mitochondrial
polymerase Pol v, mtSSB, and DNA ligase Lig III, we demon-
strate that EXOG supports the activity of other mitochondrial
enzymes critical for the maintenance of mtDNA.

Materials and methods

Protein purification

All proteins were purified as previously described: EXOG,
EXOG-AC68, and EXOG-R109A (all EXOG variants are
His-tagged recombinant human proteins lacking mitochon-
drial targeting sequence (MTS) and #rans-membrane domain,
ANS58) [43], nontagged human mtSSB (amino acids 18-148)
[37], His-tagged recombinant Pol yA (lacking MTS and 10 of
the 13 sequential glutamine residues 43-52) [49], His-tagged
recombinant Pol yB (lacking MTS) [49], and His-SUMO-
tagged human Lig Ill« protein (lacking MTS) [50]. Through-
out this manuscript, “EXOG” is used to refer to the trun-
cated variant EXOG-ANSS. The concentrations of the pro-
tein preparations were determined spectrophotometrically us-
ing the following extinction coefficients ejgo: 77 030 M~!
cm~! (EXOG and EXOG-R109A dimers), 68 090 M~ cm™!
(EXOG-AC68 dimer), 79 760 M~! cm™' (mtSSB tetramer),
242 295 M~ ecm~! (Pol YA monomer), 143 280 M~! cm™!
(Pol yB dimer), and 79 988 M~! cm~! (Lig Illoc monomer).



Thermal unfolding

Thermal stability of EXOG and EXOG-AC68 was measured
using Tycho (NanoTemper). It is capillary-based technique
that detects changes in the intrinsic fluorescence of proteins
upon thermal unfolding. Changes in fluorescence signal de-
tected at 350 and 330 nm (from tryptophan and tyrosine
residues) in temperature gradient indicate the transition from
folded to unfolded state of a protein, reflected as the inflection
temperature (T;). Proteins were analyzed at a concentration of

0.3 pug/ul.

Preparation of DNA substrates

Oligonucleotides used in this study (Supplementary Table S1)
were purchased from Metabion International AG. All the
linear duplex substrates (S1-520 and Supplementary Table
S2) were formed with a downstream 3’-fluorescein-labeled
oligonucleotide (D), an upstream oligonucleotide (U) with
a bottom template (B) and mixed at D:U:B = 1.0:1.1:1.1
molar ratio. The circular substrates (S21 and S22, and
Supplementary Table S2) were formed with a primer oligonu-
cleotide and a circular template at 1:1 molar ratio. ssDNA
ligase (CircLigase II, Epicentre) was used to obtain a circular
template. The annealing of substrates was performed by in-
cubation at 95°C for 5 min in 20 mM Tris—=HCI, pH 8.1, 0.1
mM EDTA, and slowly cooled to room temperature.

Exonuclease activity assay

Reaction conditions are detailed in the figure captions.
All assays were performed in a buffer containing 20 mM
HEPES, pH 7.5, 140 mM KCI (unless stated otherwise), 1 mM
tris(2-carboxyethyl)phosphine (TCEP), and 0.1 mg/ml bovine
serum albumin (BSA). Reactions were initiated by the addi-
tion of an equal volume of substrates (listed in Supplementary
Tables S1 and S2) and incubated at room temperature for in-
dicated time periods. Reactions were stopped with 78% for-
mamide, 50 mM EDTA, and 0.1% SDS, followed by incuba-
tion at 95°C for 4 min. Samples were resolved by denatur-
ing urea—PAGE and visualized using Typhoon scanner plat-
form [RGB (Cytiva) or Variable Mode Imager (Amersham
Biosciences)]. Quantification of the data was performed using
Image] (https://imagej.net/ij/index.html) [51].

Steady-state kinetics

Steady-state kinetic reactions were performed in a buffer con-
taining 20 mM HEPES, pH 7.5, 140 mM KCI, 1 mM TCEP,
and 0.1 mg/ml BSA under varying concentrations of ss-
DNA (O1 and Supplementary Table S1) or ssRNA (O2 and
Supplementary Table S1) substrate (25, 50, 100, and 200 nM)
and the constant concentration of EXOG (2.5 nM). Reaction
mixtures were pre-equilibrated on ice for 5 min and then equi-
librated at 25°C for 2 min. Reactions were initiated with 10
mM MgCl, and incubated at 25°C. At indicated time points
(0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 2.5, and 3 min) aliquots
of the reaction were removed and stopped with 78% for-
mamide, 50 mM EDTA, and 0.1% SDS, followed by incuba-
tion at 95°C for 4 min. Samples were resolved by denatur-
ing urea—PAGE and visualized using Typhoon scanner plat-
form [RGB (Cytiva) or Variable Mode Imager (Amersham
Biosciences)]. Quantification of the data was performed us-
ing Image] (https://imagej.net/ij/index.html) [51]. The sum of
cleavage products was used for quantifications. Polynomial
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trendline with non-zero intercept was used to plot the con-
centration of product as a function of time to obtain initial
velocities of the enzyme. The resulting velocities as a function
of substrate concentration were fit to the Michaelis—-Menten
equation (PolymathPlus Solver) to obtain V. and Ky,. keac
was calculated from Vi, /[EXOG].

Ligation assay—linear substrates

Reaction mixtures contained 200 nM substrate, 5 nM EXOG,
150 nM Pol yA, 600 nM Pol yB, and 200 nM Lig III in
20 mM HEPES, pH 7.5, 140 mM KCI, 1 mM TCEP, and 0.1
mg/ml BSA supplemented with 10 mM MgCl,, 1 mM ATP, 1
mM deoxynucleoside triphosphates (AINTPs), and 1.89 uM
streptavidin (New England BioLabs). After 10-min incuba-
tion at 37°C, unlabeled competitor DNA oligonucleotide C1
(Supplementary Table S1) was added to the final concentra-
tion of 10 uM, followed by further incubation at 37°C for 1 h.
Reactions were stopped with 78 % formamide, 50 mM EDTA,
0.1% SDS, incubated at 95°C for 4 min and resolved by dena-
turing urea—PAGE. Gels were imaged with Typhoon scanner
platform [RGB (Cytiva) or Variable Mode Imager (Amersham
Biosciences)]. Substrate and product bands were quantified us-
ing Image] (https://imagej.net/ij/index.html) [51].

Ligation assay—circular substrates

Reaction mixtures containing 2.5 nM substrate, 12.5 nM Pol
YA, 25 nM Pol yB, and 2.5 nM mtSSB in 20 mM HEPES,
pH 7.5, 140 mM KCl, 1 mM TCEP, and 0.1 mg/ml BSA sup-
plemented with 10 mM MgCl,, 1 mM ATP, 0.5 pM unla-
beled dNTPs, and 2.5 nM [x-*2P] deoxycytidine triphosphate
(dCTP; 800 Ci/mmol, 10 mCi/ml; Hartmann Analytic) were
preincubated for 20 min at 37°C, followed by the addition of
750 pM EXOG and 25 nM Lig III, and further incubation at
37°C for 1 h. The reactions were stopped by the addition of
Proteinase K (A& A Biotechnology) to the final concentration
of 200 pug/ml and incubated at 48°C for 1 h. Reactions were
stopped with 78% formamide, 50 mM EDTA, 0.1% SDS, in-
cubated at 65°C for 2 min and resolved by denaturing urea—
PAGE. Gels were dried and visualized using Typhoon scanner
platform [RGB (Cytiva) or Variable Mode Imager (Amersham
Biosciences)].

Microscale thermophoresis

The binding affinity of EXOG and EXOG-AC68 for ssDNA
and ssSRNA was measured using the microscale thermophore-
sis (MST) with Monolith NT.115 (NanoTemper) at 25°C.
ssDNA/ssRNA 16-mer labeled at 3’ end with Cy5 (010 and
O11, Supplementary Table S1) at a final concentration of §
nM was used as a target. The increasing concentrations of
EXOG (300 pM to 10 pM) and EXOG-AC68 (50 pM to
2 uM) were used as ligands. Measurements were carried out
in 20mM HEPES, pH 7.5, 140 mM KCl, 1 mM TCEP, and
0.009% NP-40. In MST analysis, a ligand-dependent change
in the initial fluorescence was observed. The apparent dis-
sociation constant (K ,,,) was determined using a single-
site model with MO Affinity Analysis software version 2.3
[52,53].

Molecular dynamics simulations

To model the structures of EXOG bound to both ssDNA and
ssRNA, we utilized the crystal structure available in the Pro-
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tein Data Bank (PDB ID: 5T5C; [43]). The complementary
DNA strand was removed, the length of both ssDNA and
ssRNA were limited to 5 nucleotides with the following se-
quence: 5'-CGCAC-3'. The EXOG-AC68 and EXOG-R109A
mutants were generated by deleting the Wing domain and mu-
tating R109 to alanine, respectively.

Molecular dynamics (MD) simulations were conducted us-
ing Gromacs 2023 [54] and the Amber-parmbsc1 force field
[55] within the isothermal-isobaric (NPT) ensemble. Temper-
ature was maintained at 300 K using the v-rescale thermostat
[56] with a time constant of 0.1 ps, and the pressure was con-
trolled at 1 bar with the isotropic Parrinello-Rahman barostat
[57]. Periodic boundary conditions were applied in three di-
mensions, and long-range electrostatic interactions were com-
puted using the particle mesh Ewald (PME) method [58] with
a real-space cutoff of 1.2 nm and a Fourier grid spacing of
0.12 nm. Van der Waals interactions were modeled using
the Lennard-Jones potential with a cut-off of 1.2 nm and
a switching distance of 1 nm. For protein and DNA, bond
lengths were constrained using P-LINCS [59], while water
molecule geometry was constrained with SETTLE [60]. Inte-
gration of the equations of motion was performed using the
leap-frog algorithm with a time step of 2 fs. Each simulation
was run for a duration of 1-1.5 us and initial 20%-30% of
the trajectories were discarded as equilibration. In total, ap-
proximately ~15 ps of sampling time was achieved.

Per-residue contributions to the overall EXOG-substrate
binding energy (E) were computed by summing the electro-
static and van der Waals interaction energies between the Core
domain residues of EXOG (located within 5 A of the first
3 nucleotides of either ssDNA or ssRNA) and the respective
oligonucleotide substrates. To assess how these contributions
change following the deletion of the Wing domain, we sub-
tracted the values obtained for the EXOG from those obtained
for the EXOG-AC68 mutant. Positive changes in interaction
energy (AE) denote residues whose contribution to complex
stability weakens after the deletion, while negative changes in-
dicate the stability enhancement.

Hydrogen bonds (Hb) were identified between the same
EXOG residues and the oligonucleotide backbone using the
GROMACS hbond module from the MD trajectories. Stan-
dard geometrical criteria were used for defining Hb, with cut-
offs of 0.35 nm for the donor-acceptor distance and 30° for
the hydrogen donor—acceptor angle.

Results

The Wing domain in EXOG structure is essential for
binding single-stranded DNA but not RNA

We have previously shown that the C-terminal Wing domain
of EXOG provides substrate specificity [43] and distinguishes
EXOG from its nonspecific paralog, EndoG (Fig. 1A and B).
Here, we compared the nuclease activity of EXOG and the
Wing domain deletion mutant, EXOG-AC68, on a 20-mer ss-
DNA heterooligonucleotide (O1 and Supplementary Table

S1). Already at 2.5 nM concentration of EXOG, ~70% of
ssDNA (400 nM) was processed after 5 min (Fig. 1C and
lane 3). Interestingly, we did not observe the cleavage of ss-
DNA by EXOG-AC68 (Fig. 1C and lanes 6-8); even at in-
creased concentrations of the mutant its activity was negligi-
ble (Fig. 1C and lanes 9-12). Importantly, EXOG-AC68 has
previously been demonstrated to be active on dsDNA [43].

The lack of activity of EXOG-AC68 on ssDNA substrate
prompted us to examine the interaction between EXOG vari-
ants and ssDNA. Using the MST, we did not detect the bind-
ing of EXOG-AC68 to 3’ CyS-labeled ssDNA, while EXOG
formed a complex with the ssDNA substrate with an apparent
dissociation constant (Kg ) of 25.1 4 4.5 nM (Fig. 1F and
Supplementary Fig. S1A). The protein quality test revealed
nearly identical unfolding temperatures for both EXOG vari-
ants (Supplementary Fig. S2); therefore, we hypothesized that
the disruption of ssDNA-EXOG-AC68 complex formation
could stem from the lack of the Wing domain in the EXOG-
AC68 structure. Our reactions were conducted at 140 mM
KCI concentration, resembling physiological ionic strength
within the mitochondria [61]. As electrostatic interactions are
reduced at higher salt, we decreased the KCl concentration to
10 mM in our cleavage reactions and, indeed, the processing of
ssDNA by the EXOG-AC68 variant was observed, although
not at the level of EXOG (Fig. 1C, and lanes 13-23 and 1E).

In recent reports, both our group and others showed that,
besides DNA, EXOG processes ssRNA [37, 45]. To com-
pare the efficiency of cleavage between ssDNA and ssRNA,
we examined the cleavage activity of the EXOG variants on
ssRNA (O2 and Supplementary Table S1) that corresponds
in sequence and length with the ssDNA tested above. We
found that, in contrast to ssDNA, ssRNA is cleaved more effi-
ciently by the AC68 mutant at 140 mM KCl when compared
with EXOG (Fig. 1D and lanes 2-8). Interestingly, the cleav-
age of ssRNA at 10 mM KCI remained mostly unaffected
for both variants (Fig. 1D and E, and lanes 9-15). Analy-
sis of MST binding data revealed Kg,,, of 6.2 + 1.8 nM
for ssRNA-EXOG, which indicates a slightly stronger affin-
ity of EXOG to ssRNA compared with ssDNA (Fig. 1F and
Supplementary Fig. S1B). Stronger binding of the substrate
in the active site might contribute to a slower dissociation
rate after cleavage. It might explain our observations that
EXOG cleaves ssDNA more efficiently than ssRNA, as <2.5
nM concentration of EXOG is required to cleave 50% of ss-
DNA while >15 nM is needed to cleave 50% of ssRNA un-
der the same reaction conditions (Supplementary Fig. S3). The
EXOG-AC68 variant exhibits significantly lower affinity for
ssRNA compared with EXOG (K ,p, = 155 + 31.9 nM; Fig.
1F and Supplementary Fig. S1B). Together, our results indicate
that the Wing domain is responsible for conferring the ssDNA
substrate specificity on EXOG.

The Wing domain and R109 residue of the Core
domain are essential for stable positioning of
ssDNA in the active site of EXOG

To gain structural insights into the role of the Wing domain
in the single-stranded substrate specificity of EXOG, we con-
ducted MD simulations. Specifically, we investigated the dy-
namical behavior of both ssDNA and ssRNA (5-mers) bound
to EXOG as well as the EXOG-AC68 variant. Our previ-
ously published structure of the dsSDNA-EXOG complex [43]
revealed the importance of the Wing domain in a precise
positioning of the phosphodiester backbone of the substrate
strand within the catalytic region of the enzyme, thus facili-
tating an incision between the second and third nucleotides
(scissile bond). Assuming the same first scissile bond for ss-
DNA and ssRNA substrates, we compared the center-of-mass
(COM) distance between the amino acid residues in the cat-
alytic site of the EXOG variants and the scissile phosphate
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molecularweight size marker. (D) Reactions as in (C), except that ssRNA (02 and Supplementary Table S1) was used as a substrate. (E) Densitometric
analysis of the substrates in panels (C) and (D). The graphs represent the mean values with standard deviations (error bars) from three experiments. (F)
Change of fluorescence signal related to the titration of EXOG and EXOG-AC68 against Cyb-labeled ssDNA (left, 010 and Supplementary Table S1) or
ssRNA (right, O11 and Supplementary Table S1) as a target. Fit of the changes in the fluorescence signal to a single-site binding model yielded a Kj app Of
25.1 4+ 4.5 nM for EXOG-ssDNA, 6.2 & 1.8 nM for EXOG-ssRNA and 155 + 31.9 nM for EXOG-AC68-ssRNA. No binding was detected for
EXOG-AC68-ssDNA (ND, not detected). Error bars indicate the standard deviation in a triplicate of experiments. Raw MST traces are provided in
Supplementary Fig. ST1A and B. (G) The active site of representative models of EXOG (top) and EXOG-AC68 (bottom) in a complex with ssDNA
(magenta) and ssRNA (cyan) oligonucleotides (5-mers). Residues in the catalytic region (H140, N171, and E179) and phosphate groups of the substrate
backbones are shown in stick representation, with their corresponding COM shown as transparent white spheres with the measured distance (1) shown
in dashed black lines. The magnesium ion is represented as a purple sphere. (H) Distribution of COM distances (1) between residues in the catalytic
region and phosphate groups, calculated from MD trajectories. Dotted and solid lines correspond to EXOG and EXOG-ACB8, respectively. (I) Top:
Change in the perresidue contributions to the overall substrate binding energy (A E) following the deletion of the Wing domain. The Core domain
residues located within 5 A of the first three nucleotides of ssDNA or ssRNA were analyzed (see Supplementary Fig. S4A). Bottom: Change in Hb
probability for the same Core domain residues following the deletion of the Wing domain. The bars represent subtracted values obtained for EXOG from
those obtained for EXOG-ACB8 (Supplementary Fig. S4B).
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group of each single-stranded substrate (Fig. 1G). The average
distance between the catalytic site of EXOG and both sub-
strates is very similar (~7 A; Fig. 1H, dotted lines), with ss-
RNA exhibiting a marginally tighter binding. Conversely, we
observed a pronounced increase (>2.5 A) in the COM dis-
tance between ssDNA and the active site of EXOG-AC68
(Fig. 1H, solid magenta line), indicating a significant dis-
placement of ssDNA from the catalytic region (Fig. 1G and
Supplementary Fig. S4A); ssRNA, on the contrary, remains
firmly bound to the Core domain upon the Wing domain dele-
tion, with a modest increase in the COM distance (~1 A; Fig.
1H, solid cyan line).

To investigate in more detail the observed differences in po-
sitioning of each single-stranded substrate in the active site of
EXOG-AC68, we further analyzed how the individual per-
residue contributions to the overall binding energy of the
substrate-EXOG complexes change upon the deletion of the
Wing domain. The binding energy changes (AE) were calcu-
lated for all the residues of the Core domain of EXOG located
within 5 A from the first three nucleotides (from 5" end) of ei-
ther ssDNA or ssRNA (Supplementary Fig. S4A). A positive
(unfavorable) value of AE indicate that the contribution of a
residue to the complex stability decreases upon the Wing do-
main deletion, thus weakening the complex interaction; a neg-
ative (favorable) value of AE indicates a stronger interaction.
The obtained data show that the Wing domain deletion leads
to a distinct weakening of the ssDNA-EXOG interaction, as
indicated by positive AE values (Fig. 11, top panel, magenta
bars), particularly affecting the contribution of R109 and, to
a lesser extent, R183. By contrast, the weakening of the in-
teractions between the Core domain residues and ssRNA is
significantly less pronounced, including the increased contri-
bution to the complex stability of N176 and K110 (Fig. 11,
top panel, cyan bars).

In addition to the binding energy changes, we exam-
ined changes in Hb formation probability between the same
residues of the Core domain of EXOG and the backbone of
both oligonucleotide substrates following the Wing domain
removal. The changes in Hb formation probability largely cor-
relate with AE (Fig. 11, bottom panel, and Supplementary Fig.
S4B). Regarding ssDNA binding, R109 is mostly affected
by the Wing domain deletion, having significantly decreased
probability of Hb formation (magenta bars). For the ssRNA~
EXOG interaction after the Wing domain removal, we ob-
served both decreased and increased probability of Hb for-
mation, depending on the residue in the active region (Fig.
11, cyan bars). More detailed examination revealed that the
additional hydrogen bonding interactions can be partially at-
tributed to the presence of the 2’-OH group on the pentose
ring of the RNA ribose (Supplementary Fig. S4B, bottom
panel, light cyan bars).

As arginine R109 emerged to be significantly affected by the
Wing domain deletion in our iz silico analyses of AE and Hb
formation probability regarding ssDNA binding to EXOG,
we additionally investigated the behavior of both substrates
interacting with the EXOG-R109A mutant. To this end, simi-
larly to the EXOG-AC68 variant, we measured the COM dis-
tance between the scissile phosphate group of each oligonu-
cleotide and the amino acid residues in the catalytic site of
the EXOG-R109A variant. Remarkably, the distance distri-
bution is very similar to EXOG-AC68, implying a partial dis-
placement of ssDNA but not ssRNA upon the R109A muta-
tion introduction (Supplementary Fig. S4C and Fig. 1H). To

Table 1. Initial velocities were obtained from time-course reactions with
the increasing concentrations of substrates (25-200 nM) and the constant
concentration of EXOG (2.5 nM)

Substrate K, (nM) kear (min') keat /K (nM™! min!)
ssDNA 727 £ 187 103 £ 35 0.14
ssRNA 643 + 127 37+1 0.06

To obtain Vi, and K,,, the initial velocities were fit to the Michaelis-Menten
equation as a function of substrate concentration. k¢, is calculated from
Vinax/[EXOG]. Errors represent SD (7 = 3). Representative gel-based anal-
ysis in Supplementary Fig. S5.

confirm our i silico findings, we constructed, purified, and
examined the nuclease activity of the EXOG-R109A mutant.
We obtained strikingly similar activity of EXOG-R109A to
EXOG-AC68: we did not observe the cleavage of ssDNA,
while ssSRNA was cleaved more efficiently when compared
with EXOG (Supplementary Fig. S4D and E). This finding in-
dicates that R109 in the catalytic region of EXOG, similarly
to the Wing domain, plays a significant role in ssDNA but not
ssRINA processing.

In summary, our MD analysis indicate that the Wing do-
main in EXOG structure stabilizes the interaction of the ss-
DNA with the amino acid residues in the active region, which
is crucial for the substrate to be precisely positioned in the ac-
tive site for the cleavage. However, it is not the case for ssRNA
substrate as the Wing domain deletion has a minor overall im-
pact on ssRNA-binding stability, most likely due to different
chemical nature of RNA from DNA. Interestingly, we detected
R109 in the catalytic domain of EXOG to be equally impor-
tant in ssDNA but not ssRNA stability in the active site, which
is also reflected by the results of our in vitro nuclease activity
examination.

Characteristics of single-stranded substrate
cleavage by EXOG

To compare the catalytic efficiencies of EXOG with ssDNA
and ssRNA, we performed steady-state kinetic analysis in
time-course reactions under varying concentrations of sub-
strates (25-200 nM) and the constant concentration of EXOG
(2.5 nM). The resulting initial velocities as a function of sub-
strate concentration were fit to the Michaelis-Menten equa-
tion to obtain k¢, and Ky, values. In our kinetic assay, we were
unable to obtain one-site cleavage products due to the nature
of EXOG activity with single-stranded substrates. Therefore,
we used the sum of products for our quantifications, as was
previously published for MGME1 exonuclease [62]. The re-
sults are summarized in Table 1. For both substrates K, values
are comparable; however, >2-fold higher k., was obtained
with ssDNA than ssRNA. This resulted in an ~2-fold higher
catalytic efficiency (kea/Km) of ssDNA cleavage by EXOG rel-
ative to ssRNA. Therefore, the affinity of both substrates to
the active site of EXOG is comparable, consistent with our
MST binding results (Fig. 1F); however, the turnover of ss-
DNA at the active site of EXOG is much faster than ssRNA,
resulting in more efficient cleavage reaction.

The unevenly distributed band pattern in the gel, visual-
ized after the cleavage of ssDNA heterooligonucleotide, re-
vealed certain cleavage site preferences of EXOG (Fig. 2A and
lanes 2—6). Therefore, we examined the cleavage efficiency of
EXOG on homooligonucleotides dT,g, dCs9, dAzg, and Uyg
in a time-course experiment. We were not able to test dGjg
as it is prone to form higher-ordered structures [63], which
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Figure 2. Homooligonucleotides are cleaved by EXOG with different efficiency. (A) 400 nM of each substrate (20-mer DNA heterooligonucleotide O1,
dT,o O3, dCyo 04, dAyy 05, and Uy O6; Supplementary Table S1) was incubated with 1 nM EXOG in the presence of 10 mM MgCl,. Reactions were
stopped at indicated time points (0, 1, 5, 15, and 30 min) and analyzed using urea—PAGE; M, molecularweight size marker. (B) Densitometric analysis of
the substrates in panel (A). The graph represents the mean values with standard deviations (error bars) from two experiments.

are difficult to visualize, even in denaturing conditions. Un-
like heterooligonucleotides, RNA homooligonucleotide Uy is
the most effectively degraded among tested substrates (Fig. 2A
and B, and lanes 22-26). The cleavage is very rapid even un-
der the conditions of excess substrate (1 nM of EXOG and
400 nM of substrate). PolyU does not form any secondary
structures at physiological temperatures [64] therefore poses
no potential structural obstacles during binding to the active
site of EXOG. The cleavage of dT,y was the most efficient
among the DNA homooligonucleotides tested (Fig. 2A and B,
and lanes 7-11), while the slowest degradation was observed
for dCyg (Fig. 2A and B, and lanes 12-16). In each case, in-
termediate products of degradation are visualized as evenly
distributed bands, except for the DNA heterooligonucleotide
(Fig. 2A and lanes 2—-6). This suggests that successive cleavage
occurs in a processive manner. Given that natural sequences
are typically nonuniform, the degradation of single-stranded
substrates by EXOG might be processive, but the efficiency of
each incision could be rate-limited by the type of consecutive
nucleotide.

During the metabolism of mitochondrial DNA, ssDNA
intermediates of different length may be formed; therefore,
we also investigated whether the length of ssDNA sub-
strate affects the cleavage efficiency by EXOG. To avoid
sequence-dependent cleavage, we examined nucleolytic activ-
ity of EXOG using homooligonucleotides of different length.
A 10-mer and longer dT oligonucleotides are cleaved with
similar efficiency (Supplementary Fig. S6 and lanes 7-24). The
shortest 5-nt long dT oligonucleotide is cleaved by EXOG
with the lowest efficiency as <50% of the substrate was pro-
cessed after 30 min (Supplementary Fig. S6 and lanes 1-6).
These results correspond to our previously published data
showing the efficiency of ssRNA cleavage of various lengths
[37] and together indicate that EXOG is able to cleave effi-
ciently single-stranded DNA or RNA > 35 nucleotides.

Divalent metals, such as Ca*, Mg?*, and Zn?*, promote
catalysis in a large fraction of enzymes. Interestingly, it was
shown that activity of enzymes is sensitive to not only a type
of cation but also its concentration, e.g. DNA ligase III [50],
RNase H [65], and Exonuclease VII [66]. For this reason, we
analyzed the influence of increasing concentrations of Mg?>*

ions and other divalent cations on the exonucleolytic activ-
ity of EXOG. The cleavage of ssDNA heterooligonucleotide
was efficient at merely 0.1 mM concentration of Mg?* ions
(Supplementary Fig. S7 and lanes 2—6). Mn?* ions stimulate
the degradation of ssDNA even at the lowest 0.01 mM con-
centration tested (Supplementary Fig. S7 and lanes 15-18).
However, we observed an inhibitory effect when 10 mM of
Mn?* was used in the reaction (Supplementary Fig. S7 and
lane 18). Ca2*, Fe?*, Zn?*, and Cu?* ions do not or to a low
degree support the activity of EXOG on ssDNA substrate.

EXOG cleaves single-stranded DNA flaps of various
lengths

Since EXOG readily cleaves ssDNA of various lengths, we
tested the cleavage of substrates designed to mimic flap-
containing intermediates that may occur during DNA process-
ing in mitochondria. We used nicked substrates with down-
stream 5’ flaps of various lengths (2, 7, 15, 30, or 60 nt),
each fluorescently labeled at the 3’ terminus (Fig. 3A). While
EXOG cleaved all substrates tested, the longest flaps were pro-
cessed most efficiently (Fig. 3A and B). We also observed that
the efficiency of cleavage decreased at the bottom of each
flap following the removal of the first nucleotide from the
DNA duplex. This is evident in the accumulation of a 19-
nt long (indicated by the arrow in Fig. 3A) and shorter in-
termediate products. This observation strongly suggests that
EXOG operates in fast and slow modes, with the mode of
action dependent on the type of substrate destined for cleav-
age (ssDNA and dsDNA, respectively; Fig. 3C). Interestingly,
blocking of the 5" end of the 60-nt long flap with the biotin-
streptavidin complex had little effect on the cleavage effi-
ciency of EXOG (Supplementary Fig. S8), which contrasts
with MGMET1 nuclease whose DNA cleavage activity is in-
hibited when the 5-end of the flap substrates is blocked
[28]. Interestingly, to achieve similar efficiency of cleavage in
time-course experiments, the molar ratio of a substrate to
EXOG needed to be significantly higher in the nuclease as-
say with flap substrates (DNA:EXOG ratio of 4) compared
with ssDNA (DNA:EXOG ratio of 400). We reason that
the presence of DNA duplexes in the flap substrates influ-
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Figure 3. EXOG cleaves both short and long DNA flaps. (A) 800 nM of each substrate (S1-S5 and Supplementary Table S2) was incubated with 200 nM
EXOG in the presence of 10 mM MgCl,. Reactions were stopped at indicated time points (0, 1, 5, 10, 20, and 30 min) and analyzed using urea—PAGE.
An arrow indicates bands corresponding with 19-nt long product. The scheme of the substrate is placed at the top of the panel. The 3’ end of the
substrate strand is labeled with fluorescein; biotin is attached to the nonsubstrate ends of dsDNA; M, molecularweight size marker. (B) Densitometric
analysis of the substrate in panel (A). The graph represents the mean values with standard deviations (error bars) from two experiments. (C) Graphical
model of the fast and slow cleavage mode of EXOG in the presence of ssDNA and dsDNA, respectively.

ences the cleavage efficiency of EXOG as the putative un-
specific EXOG-dsDNA interactions could trap and prevent
a portion of EXOG molecules from processing flaps or, more
likely, EXOG might be trapped at the nick/gap site after flap
cleavage.

Since all the tested 5'-flap substrates contained a nick, we
then tested if varying length of a gap upstream from the
flap may affect its processing by EXOG. The substrates ex-
amined contained 2, 15, or 60-nt 5" flaps and 1, 2, 5, or
10-nt gaps (noncomplementary to flap sequences). Our re-
sults indicate that neither the flap nor the gap length sig-
nificantly affected the efficiency of the cleavage by EXOG
(Supplementary Fig. S9). Interestingly, after removing the flap
in each gapped substrate, EXOG cleaves out 2 nucleotides

(compared with 1 nucleotide in the case of nicked substrates
in Fig. 3) from the downstream DNA duplex as an 18-nt long
fragment is a dominant intermediate product that is apparent
immediately after the reaction initiation (indicated by the ar-
rows in Supplementary Fig. 59). This suggests that the mode of
action of EXOG at the flap junction after a DNA flap removal
depends on the proximity of the 3’ end of the upstream strand,
which corresponds with the 3’ end of nascent DNA during ex-
tension process. Possibly the 3" end at the nick site constitutes
a steric hindrance for EXOG, making it significantly less ef-
ficient in delivering the target strand to the active site of the
enzyme. In contrast, even a 1-nt gap might enhance the access
of EXOG to its target at a 5'-single-stranded/duplex DNA
junction after flap removal, leading EXOG to excise two nu-
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cleotides from the downstream DNA duplex, which is in line
with previously reported findings [43].

To corroborate the relevance of the Wing domain of EXOG
to ssDNA processing, we further tested the deletion mutant
EXOG-AC68 activity on substrates containing 15-nt long
single-stranded flap of DNA, RNA, or RNA-DNA chimera. In
agreement with the results from ssDNA/ssRNA cleavage as-
says (Fig. 1C-E), the EXOG-AC68 variant has impaired cleav-
age activity toward a DNA flap, while an RNA flap was pro-
cessed with similar efficiency to EXOG (Supplementary Fig.
S10 and lanes 1-10 and 31-40). In the case of a chimeric
2RNA-13DNA flap, the EXOG-AC68 variant also removed
merely RNA, though with lower efficiency when compared
with EXOG (Supplementary Fig. S10 and lanes 16-25). This
result suggests that either 2RNA fragment is too short for ef-
ficient cleavage or the consecutive DNA fragment poses an
obstacle to RNA processing by EXOG-AC68. Consistently,
after RNA removal, DNA cleavage by EXOG-AC68 is inhib-
ited. Finally, we tested EXOG-R109A mutant for flap cleavage
and, similarly to EXOG-AC68, we did not observe the cleav-
age of the DNA flap (Supplementary Fig. S10 and lanes 11—
15), while the RNA flap is cleaved as efficiently as by EXOG
(Supplementary Fig. S10 and lanes 41-45). Interestingly, in
the case of the chimeric flap, EXOG-R109A removed merely
RNA, as EXOG-AC68; however, the efficiency of 2RNA frag-
ment cleavage was comparable to EXOG (Supplementary Fig.
$10 and lanes 26-30), suggesting that the presence of the Wing
domain might increase the efficiency of short RNA cleavage.
In all the reactions with EXOG-R109A, we can observe the
accumulation of bands that correspond with the cleavage in
the downstream double-stranded fragment of the substrates
(marked with asterisks). We attribute these bands to nonspe-
cific endo-cleavage by the EXOG-R109A mutant as no inter-
mediate products characteristic for exonuclease activity can
be detected. Together, these findings provide further confirma-
tion that the Wing domain of EXOG as well as R109 in the
Core domain are instrumental in conferring specificity toward
ssDNA cleavage.

In contrast to ssDNA/ssRNA cleavage by EXOG
(Supplementary Fig. S3), an RNA flap is cleaved more
efficiently than a DNA flap (Supplementary Fig. S10, com-
pare lanes 1-5 and 31-35), which implies that the presence
of a double-stranded helix attached to a single-stranded
substrate alters the efficiency of EXOG-mediated cleavage.

SSB-coated single-stranded DNA flaps are
processed by EXOG

Single-stranded DNA flaps in mitochondria, much like any
single-stranded DNA encountered during DNA processing,
are bound and protected by mitochondrial single-stranded
DNA-binding protein (mtSSB). Due to its high-affinity bind-
ing [67] and abundance in mitochondria [68], we investigated
the influence of human mtSSB on flap cleavage by EXOG (Fig.
4A). It was previously shown that at physiological salt concen-
trations mtSSB tetramer forms a stable complex with a ssDNA
molecule of at least ~20 nucleotides in length and, depending
on NaCl and Mg?* concentrations, mtSSB tetramer displays
two binding modes, SSB3o and SSBgo [69-71]. Therefore, we
used substrates with 30- and 60-nt long flaps for this analysis.
The given concentrations and ratios refer to tetramer of mtSSB
and dimer of EXOG. The increasing ratio of mtSSB tetramer
to substrate has an inhibitory effect on both flaps degradation
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by EXOG (Fig. 4B). The pattern of inhibition was similar for
both substrates; at the SSB:DNA ratio of 1, the cleavage by
EXOG was inhibited approximately by half for both 30- and
60-nt long flaps and saturation of the reaction was observed
at SSB:DNA ratio = 5 (Fig. 4B and Supplementary Fig. S11).
Since the strongest inhibitory effect of mtSSB on the flap cleav-
age by EXOG was observed for excessive amount of mtSSB in
the reactions (4 uM mtSSB at the ratio of SSB:DNA = 5 in the
presence of 200 nM EXOG, corresponding to SSB:EXOG ra-
tio = 20), we analyzed if EXOG is able to outcompete mtSSB
and cleave flap substrates. Both 30- and 60-nt long flaps were
preincubated with mtSSB at the ratio of SSB:DNA = 5 in order
to saturate DNA and afterward the increasing concentration
of EXOG was added to the reactions. As the cleavage con-
trol, the same reactions were analyzed without mtSSB. The
presence of mtSSB in the reactions clearly decelerated the pro-
cessing of both flaps by EXOG (Fig. 4C, compare lanes 2-7
and 8-13 for 30-nt flap and lanes 14-19 and 20-25 for 60-
nt flap). However, merely 0.2 ratio of EXOG:SSB was suffi-
cient to observe substantial shortening of the flap substrates,
indicating that EXOG is able to process mtSSB-coated flaps.
Interestingly, we can observe an accumulation of bands (indi-
cated by the arrows) of the same size regardless of the flap
length (Fig. 4C, lanes 12-13 and 24-25 for 30- and 60-nt
long flaps, respectively). We hypothesize that the appearance
of these intermediate products, along with the substrate cleav-
age by EXOG at submolar concentration relative to mtSSB, in-
dicate a more intricate interplay between EXOG, mtSSB, and
ssDNA. These interactions may play a significant role in ss-
DNA flap removal rather than a straightforward displacement
of mtSSB by EXOG.

DNA flaps removal by EXOG provides substrates
for ligation

To investigate the relevance of EXOG in DNA flaps removal,
we tested if and how efficiently the post-cleavage ligation oc-
curs. First, we tested the ligation of flap-containing linear sub-
strates in reactions including 5 nM EXOG and 200 nM sub-
strate with either a short (2 nt) or long (15 nt) DNA flap, sup-
plemented with 200 nM Lig III. The ligated product should
be observed as a 44-nt long band (scheme of the reaction in
Supplementary Fig. S12A). Substrates containing both DNA
flaps were not efficiently ligated in the presence of EXOG
and Lig II (Supplementary Fig. S12B, and lanes 4 and 8).
The addition of Pol y moderately increased ligation efficiency
(Supplementary Fig. S12B, and lanes 5 and 9). This finding is
in line with our observation that EXOG excises one nucleotide
from the downstream DNA duplex after DNA flap removal
(Fig. 3A) thus generating an unligatable 1-nt gap. The Pol y
activity might therefore fill in the gap or prevent EXOG from
the gap formation.

Due to the high reactivity of EXOG toward 5’ ends of linear
DNA, we blocked all the nonsubstrate DNA ends with biotin—
streptavidin complexes. Additionally, after 10 min of incuba-
tion with EXOG, unlabeled competitor ssDNA was added to
prevent excessive cleavage. Despite the fact that ~50% of the
substrate was processed by EXOG, we observed modest liga-
tion efficiency (~15% for both 2-nt and 15-nt DNA flaps) for
linear substrates in the presence of EXOG, Pol y, and Lig III
(Supplementary Fig. S12C). To eliminate the presence of free
DNA ends, we reconstituted the ligation reaction on a circular
template primed with DNA oligonucleotides that contained
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Figure 4. EXOG processes mtSSB-coated DNA flaps. (A) Scheme of the reactions in panels (B) and (C). DNA flap-containing substrates (30-nt flap S4
and 60-nt flap S5; Supplementary Table S2) were coated with human mtSSB before the addition of EXOG. The 3’ end of the substrate strand is labeled
with fluorescein; biotin is attached to the nonsubstrate ends of dsDNA. The given concentrations and ratios refer to tetramer of mtSSB and dimer of
EXOG. (B) 800 nM of each substrate was preincubated with mtSSB at indicated ratios (0.5, 1, 5, and 10 per SSB tetramer) for 10 min at RT in the
presence of 10 mM MgCl,. The reactions were started by the addition of 200 nM EXOG, stopped after further 10 min of incubation and analyzed using
urea—PAGE. Densitometric analysis of the substrates is provided in Supplementary Fig. S11. (C) 800 nM of each substrate was preincubated with 4 uM
mtSSB (SSB:DNA = 5) for 10 min at RT in the presence of 10 mM MgCl,. The reactions were started by the addition of the increasing concentration of
EXOG (100, 200, 400, 800, and 1600 nM). As a control, the same reactions were carried out without mtSSB. After 10 min of incubation, reactions were

stopped and analyzed using urea—PAGE; M, molecularweight size marker.

2- or 15-nt DNA flap. The reactions were initiated by Pol y-
mediated primer extension in the presence of mtSSB to con-
vert single-stranded template into a double-stranded interme-
diate. Subsequently, EXOG and Lig IIl were added (Fig. 5A).
DNA was labeled by Pol v as a result of [x-32P] dCTP incor-
poration during primer extension; therefore, unprocessed sub-
strates were not detected. Since only upon ligation the newly
synthesized strand becomes circular, all the reaction interme-
diates are detected as linear fragments. The migration of linear
DNA is uniform and related to the length of DNA fragments,

while mobility of circular DNA is slower in high voltage uni-
directional electric fields. Thus, one can observe well-resolved
linear fragments at the bottom of the gel and circular frag-
ments at the top. In the reactions with Pol v and mtSSB alone,
we observed bands corresponding with a newly synthesized
strand (Fig. 5B, and lanes 2 and 6). Subsequent addition of
EXOG resulted in the cleavage of unligated intermediate in
the absence of Lig III (Fig. 5B, and lanes 3 and 7). The addition
of Lig III alone did not affect the reactions (Fig. 5B, and lanes
4 and 8). Only when both EXOG and Lig III were added to
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flap. The primer of the single-stranded substrate is extended by Pol y in the presence of mtSSB (Intermediate 1). EXOG removes DNA flap and a
potential gap is filled by Pol y (Intermediate I1). Lig Ill seals a nick forming a closed double-stranded circular product. (B) The assay was performed as
described in “Materials and methods"” section. Briefly, substrate was preincubated with Pol v and mtSSB for 20 min at 37°C, followed by the addition of
EXOG and Lig lll. After 1 h of incubation at 37°C, reactions were stopped and analyzed using urea—PAGE. [o32P] dCTP incorporated by Pol v allowed
detection of the intermediates (bracket) and final product (arrowhead). The substrate is not visible due to a lack of labeling. Schemes of the substrates
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the reaction, we observed a band corresponding with a closed
circular product (Fig. 5B, and lanes 5 and 9). Importantly, the
intermediates were fully cleared from the reaction, which we
attribute to either highly efficient ligation or the cleavage of
the unligated intermediates by EXOG. Together, our results
show that EXOG is able to remove DNA flaps and, in the
presence of Pol v, mtSSB and Lig III, supports subsequent lig-
ation of tested substrates.

Discussion

It was previously shown that human mitochondrial nuclease
EXOG cleaves ssDNA [40, 45], and the deletion of the C-
terminal Wing domain inhibits its exonuclease activity toward
ssDNA [40] as well as specificity for dsDNA repair interme-
diates [43]. Here, we analyzed the relevance of the Wing do-
main to the exonucleolytic activity of EXOG and we found
that the deletion mutant EXOG-AC68 exhibits significantly
reduced cleavage activity toward ssDNA but not ssRNA (Fig.
1C-E). We observed similar results for substrates contain-
ing DNA and RNA 5’ flaps (Supplementary Fig. S10). The
lower activity stems from the impaired ssDNA binding and
positioning in the active site of the EXOG deletion mutant
(Fig. 1F), which we also explored in detail using MD sim-
ulations. Curiously, EXOG-AC68 cleaves ssRNA more effi-
ciently than EXOG, regardless of salt concentration (Fig. 1D).
The cleavage efficiency of a long RNA flap was similar for
both EXOG variants, which could be explained by the dif-
ferent persistence length (flexibility) of the flaps attached to
a double-stranded helix when compared with solely single-
stranded molecules [72]. The observed specificity of substrate
cleavage by the EXOG-AC68 variant is in agreement with

the cleavage specificity of human EndoG, which was shown
to be independent of salt concentration for RNA cleavage,
while the increasing KCl concentration was inhibitory for
the DNA cleavage efficiency [73]. The substrate-binding site
of both EndoG and EXOG-AC68 is a solvent-exposed sur-
face with backbone-mediated recognition, meaning that bases
of a single-stranded substrate are oriented toward the sol-
vent and the sugar rings directly interact with the protein
(Supplementary Fig. S13). Protein—RNA interaction might oc-
cur via a hydroxyl group at position 2 of ribose, whereas this
interaction is not available for protein-DNA complexes [74].
Therefore, the chemical and structural differences between
RNA and DNA might explain the observed differences in in-
teractions, which is additionally supported by our MD simula-
tions results (Supplementary Fig. S4B). In contrast, the Wing
domain of EXOG forms a positively charged V-shaped cleft
with the Core domain [43] which sequesters the binding site
from the solvent and locks its DNA substrate in the active site.
Interestingly, our MD simulations also revealed a crucial role
of R109 residue (located in the active region of the Core do-
main of EXOG) in ssDNA but not ssRNA positioning in the
active site. Our biochemical analysis confirmed these findings
(Supplementary Figs S4E and S10). This finding suggests that
the presence of the unique Wing domain in EXOG structure
together with the Core domain architecture form a specialized
active region that allows binding and processing of ssDNA
substrates.

Flaps are single-stranded 5’ overhangs on a duplex DNA,
formed as a result of, e.g. strand displacement DNA synthe-
sis. We demonstrate that EXOG cleaves DNA flaps indepen-
dently of their length (Fig. 3) and the gap size within a ds-
DNA (Supplementary Fig. S9). Moreover, 5" ends of the long
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Figure 6. Schematic model for the role of EXOG in DNA flap cleavage during LP-BER in mitochondria. Secondary modifications of DNA backbone at

damage sites result in inhibition of short-patch BER (SP-BER), which triggers an alternative long-patch BER (LP-BER) pathway. Strand displacement DNA
synthesis activity of Pol y at the modified damage site generates either short (1-2 nt) or long (>2 nt) single-stranded 5" DNA flaps. Long single-stranded
DNA overhangs are coated by mtSSB. EXOG cleaves short and long DNA flaps as well as mtSSB-coated flaps. As a result, gapped DNA is formed, which

is filled by Pol v and sealed by Lig IIl.

flaps blocked with biotin—streptavidin complexes are removed
with similar efficiency to the 5’ end with no modification
(Supplementary Fig. S8), in agreement with our recently pub-
lished data [44]. This shows that EXOG is not sensitive to
5’-end modifications of a flap and suggests the ability to re-
move flaps with modified or blocked 5" ends that occurs dur-
ing canonical LP-BER, as was reported for FEN1 [75], while
the activity of MGMEI1 is inhibited when the 5’-end of the
flap is blocked [28]. In addition to our recently reported hy-
drolysis activity of EXOG on a variety of abasic sites at a 5’
end of a gapped dsDNA, including 5’-deoxyribose phosphate
(dRP) and its oxidized adduct deoxyribonolactone (dL) [44],
we propose that EXOG might be involved in both canonical
LP-BER that requires the removal of displaced ssDNA and

noncanonical LP-BER. In the noncanonical pathway, EXOG
would excise a lesion along with a downstream dinucleotide,
thus generating a gap that is filled by polymerase.

To date, no structural data on EXOG in complex with ss-
DNA or ssRNA are available. In our group, we attempted
to grow crystals of such complexes but so far failed to ob-
tain high-resolution diffraction data. Therefore, we conducted
a comparative analysis using existing structures of human
EXOG-dsDNA [43] and Caenorbabditis elegans EndoG ho-
molog, CPS-6, in complex with ssDNA [76]. The substrate
strand of dsDNA accommodates in the binding site of EXOG
in a similar manner to the ssDNA at the binding site of EndoG
(Supplementary Fig. S13C; the complementary strand and the
Wing domain of EXOG is hidden for clarity), which was not
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surprising as the Core dimers of both proteins are nearly iden-
tical (RMSD = 0.776 A). If the substrate strand of dsDNA is
bound to the active site of EXOG in a similar manner as ss-
DNA in the active site of EndoG, one can assume that the
ssDNA substrate is also similarly located in the active site of
EXOG. However, we observe different efficiency and cleavage
specificity for ssDNA and dsDNA: ssDNA is cleaved fast with
mononucleotides being released, while the removal of a sub-
strate strand from dsDNA is slower and predominantly in the
form of dinucleotides (Fig. 3). Additionally, we compared the
substrate DNA strand position in the EXOG-dsDNA crys-
tal structure with ssDNA position in our model structure of
EXOG-ssDNA complex (Supplementary Fig. S14). According
to our MD simulations, the occupancy of ssDNA in the active
region of EXOG structure differs from the substrate strand of
dsDNA. Therefore, the observed bimodal activity of EXOG
might be related to a different occupancy of the active site
by both substrates, different conformation of the Wing do-
main or differences in product release. It is noteworthy that
ssDNA cleavage is sequence non-specific, although the effi-
ciency is moderately dependent on the type of a nucleotide
in a sequence (Fig. 2). A high-resolution structure of EXOG
with a single-stranded substrate is indispensable to explain its
unusual activity switch depending on the strandedness of a
substrate.

Finally, we demonstrated that EXOG cleaves DNA flaps in
the presence of other mitochondrial proteins. mtSSB-coated
flaps (30- and 60-nt long) are readily processed by EXOG
with certain bands accumulated, irrespective of the flap length
(Fig. 4C). Given that EXOG can also function as an endonu-
clease, it might recognize ssDNA in the mtSSB—flap complex
and cleave it in the endo-mode of action, thus causing desta-
bilization and dissociation of mtSSB from ssDNA. Alterna-
tively, EXOG might push mtSSB in the 5’ to 3’ direction to-
ward a downstream duplex, resulting in the melting of the
base pairs. This mechanism was shown in other systems, such
as the filament growth of RecA and the SSB-facilitated melt-
ing of the hairpin structure [77] as well as the stable unwind-
ing of a duplex DNA by human RPA (nuclear SSB) due to
the Pif1 helicase-mediated translocation [78]. The nature of
this reaction remains to be elucidated. In the final analysis, we
reconstituted a multistep reaction combining DNA synthesis,
DNA flap removal, and nick ligation in the presence of Pol
v, mtSSB, EXOG, and Lig III. Circular substrates containing
short (2 nt) and long (15 nt) flaps were efficiently processed
into ligated double-stranded products (Fig. 5), which requires
the conjoint action of all the proteins. In the absence of Lig
I11, when the final ligated product cannot be obtained, EXOG
cleaves the intermediate product generated by Pol vy, thus pro-
tecting from the accumulation of DNA breaks. When Lig III
is present, EXOG removes the flaps and does not interfere
with the ligation reaction by excessive cleavage. We carried
out analogous reactions using linear substrates; however, the
efficiency of ligation was low (Supplementary Fig. S12). This
might be explained by the trapping of EXOG on the 5’ ends of
the duplex DNA and/or the downstream strand displacement
by Pol y. Therefore, the advantage of circular over linear sub-
strate is not only the absence of nonsubstrate 5’ ends but also
negligibility of Pol y-mediated strand displacement.

To conclude, we propose that EXOG should be considered
as one of the mitochondrial DNA flap nucleases that is in-
volved in LP-BER in mitochondria (Fig. 6). Even though the
role of EXOG in LP-BER was previously reported in mito-
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chondrial extracts [11, 26], its enzymatic capabilities have
not been explored in detail. We show that EXOG processes
both short and long DNA flaps, and the presence of the
Wing domain in the structure of EXOG facilitates the bind-
ing, proper positioning, and cleavage of ssDNA at physiolog-
ical salt conditions. Most importantly, the removal of DNA
flaps by EXOG generates ligatable intermediates. When com-
bined with Pol -y, mtSSB, and Lig III, substrates with 5 DNA
overhangs are transformed into fully processed dsDNA, un-
derscoring the critical role of EXOG in human mitochondrial
DNA integrity.
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