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Abstract

Most oxidative damage on mitochondrial DNA is corrected by the base excision repair (BER) 

pathway. However, the enzyme that catalyzes the rate-limiting reaction—deoxyribose phosphate 

(dRP) removal—in the multienzymatic reaction pathway has not been completely determined in 

mitochondria. Also unclear is how a logical order of enzymatic reactions is ensured. Here, we 

present structural and enzymatic studies showing that human mitochondrial EXOG (hEXOG) 

exhibits strong 5′-dRP removal ability. We show that, unlike the canonical dRP lyases that act on 

a single substrate, hEXOG functions on a variety of abasic sites, including 5′-dRP, its oxidized 
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product deoxyribonolactone (dL), and the stable synthetic analogue tetrahydrofuran (THF). We 

determined crystal structures of hEXOG complexed with a THF-containing DNA and with a 

partial gapped DNA to 2.9 and 2.1 Å resolutions, respectively. The structures illustrate that 

hEXOG uses a controlled 5′-exonuclease activity to cleave the third phosphodiester bond away 

from the 5′-abasic site. This study provides a structural basis for hEXOG’s broad spectrum of 

substrates. Further, we show that hEXOG can set the order of BER reactions by generating an 

ideal substrate for the subsequent reaction in BER and inhibit off-pathway reactions.

Graphical Abstract

INTRODUCTION

Mitochondrial DNA suffers more oxidative damage than nuclear DNA due to a higher 

concentration of endogenous reactive oxygen species.1 Oxidative DNA damage is resolved 

mostly by base excision repair (BER), a multienzymatic reaction pathway.

BER consists of five basic steps (Scheme 1): lesion nucleobase removal by a glycosylase, 

cleavage of the DNA backbone by an AP endonuclease yielding a 5′-deoxyribose phosphate 

abasic site (5′-dRP or AP site) in the nicked DNA, removal of the AP site generating a 

gap in the DNA, gap-filling synthesis, and ligation to restore the integrity of the DNA. In 

mitochondria, enzymes catalyzing four of the reactions (glycosylase, AP endonuclease 1 

(APE1), mitochondrial DNA polymerase Pol γ, and ligase III) have been identified; the 

enzyme that removes the AP site is one focus of this study.

Removal of the AP site is the rate-limiting reaction in BER.2,3 As the DNA backbone is 

more solvent-exposed than the nucleobases, the deoxyribose moiety is more vulnerable to 

attack by highly reactive hydroxyl radicals, resulting in 20% of all dsDNA damage being 

found as oxidized deoxyribose.4,5 In nuclear BER, the oxidation state of AP sites dictates 

the reaction pathways. A simple, unoxidized AP moiety enters the single-nucleotide base 

excision repair (SN-BER) subpathway, where the AP is removed by the dRP lyase activity 

of DNA polymerase β.6 In contrast, oxidized deoxyribose, e.g., 2-deoxyribonolactone (dL), 
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halts SN-BER at the AP removal step owing to the formation of a covalent adduct with 

Pol β.7 In this situation, repair enters the long-patch (LP) BER subpathway, where dL is 

removed by strand displacement DNA synthesis and cleavage of the displaced strand by 

flap endonuclease 1 (FEN1).8 In SN-BER, only the lesion nucleotide is replaced, whereas in 

LP-BER, typically 2–12 nucleotides around the lesion site are replaced.

Although LP-BER products have been observed in human mitochondrial extract,9–11 the 

nuclear LP-BER pathway does not appear to operate because the depletion of FEN1 does 

not affect mtDNA integrity.12 Pol γ lacks strand displacement DNA synthesis ability and 

is only efficient in gap-filling synthesis when the gap size is greater than one nucleotide.13 

This observation suggests that Pol γ would be better suited for LP-BER than SN-BER if a 

larger DNA gap were created prior to gap-filling synthesis. Most importantly, however, no 

robust dRP lyase activity has been identified in mitochondria. Pol γ possesses only very low 

dRP lyase activity,14 raising the question of whether it is adequate to remove extensive dRP 

lesions to maintain mtDNA integrity.

Human endo/exonuclease G (hEXOG) excises precisely two nucleotides from the 5′-end 

of DNA in a nicked or gapped DNA,15,16 generating a minimum of a 2 nt DNA gap with 

a 3′-OH and a 5′-phosphate. This feature suggests that hEXOG could remove dRP and 

provide an optimal substrate for the subsequent BER reaction: Pol γ gap-filling synthesis. 

hEXOG is exclusively located in mitochondria; depletion of hEXOG elevates mtDNA single 

strand breaks but has no impact on nuclear DNA integrity and interrupts mtDNA repair prior 

to ligation.12 hEXOG is found in complexes with other repair enzymes, e.g., APE1, Pol γ, 

and ligase III in mitochondrial lysates, and the quantity of the complex is increased under 

oxidative stress in cells.17,18 This indicates that hEXOG is a component of the BER complex 

and its presence could also preclude the premature release of repair intermediates.19

We report here enzymatic and structural studies of the AP removal activity of hEXOG. 

We show that hEXOG possesses strong hydrolysis activity on a variety of AP substrates, 

including dRP, its oxidized adduct deoxyribonolactone (dL), and the stable analogue 

tetrahydrofuran (THF). Crystal structures of hEXOG complexed with AP-containing DNA 

reveal a mechanism for the enzyme’s broad-spectrum activity. hEXOG also plays an 

important role in ensuring the correct order of subsequent BER reactions. Our studies 

therefore delineated the essential role of hEXOG in mitochondrial BER.

RESULTS

AP Removal by hEXOG.

AP hydrolysis activity by hEXOG was analyzed on a nicked dsDNA containing a 5′-AP that 

mimics the product of AP endonuclease I. The substrate consists of a 44 nt DNA annealed 

to an upstream 24 nt and a downstream 5′-32P-AP-containing 20 nt DNA, where AP is dRP, 

THF, or dL (Figures 1 and 2 and Table S1). Both 5′-blunt ends of the DNA substrate are 

biotinylated to reduce irrelevant 5′-exonuclease activity. Removal of AP was monitored by 

the loss of radioactivity from the 5′-32P-AP-DNA strand. Pol β and Pol γ were tested for 

comparison as Pol β has strong and Pol γ has weak dRP lyase activity. Reactions were 

carried out by incubating the DNA substrate with varying concentrations of hEXOG, Pol β, 
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or Pol γ. The excision product was quantified as the fraction of substrate reduction, defined 

as (1 – [S]E)/[S]i, where [S]E is the remaining substrate concentration at a given enzyme 

concentration [E] and [S]i is the initial substrate concentration.

By conducting reactions in the presence or absence of Mg2+, the mechanism of AP removal 

can be assessed. Hydrolysis requires Mg2+ and releases a chemically unaltered dRP, while 

β-elimination occurs in the absence of Mg2+ and yields a 3′-α,β-unsaturated aldehydic 

derivative.20 The β-elimination reaction forms a Schiff base intermediate between the 

ε-amine of a lysine residue in the enzyme and the C1′ of dRP.21 Both dL and THF are 

unable to form a Schiff base and thus cannot be removed by β-elimination.8,22

5′-dRP Removal.—On the dRP-containing substrate, hEXOG, Pol β, and Pol γ all exhibit 

various levels of dRP removal activity (Figures 1a and S1). At 20 nM concentration of 

hEXOG, ~50% of maximal product was generated, slightly less than 68% of product 

generated by the same concentration of Pol β. However, only 18% was generated by Pol γ at 

100 nM concentration. Using [product]/[enzyme] to normalize the data, hEXOG and Pol β, 

respectively, eliminated 14- and 18-fold more dRP from substrate DNA than Pol γ. The low 

dRP lyase activity of Pol γ is similar to that previously reported14 and is not due to improper 

folding as the enzyme is fully active in primer extension (Figure S2). Although the catalytic 

efficiencies of hEXOG and Pol β are similar, their mechanisms are likely different, as the 

reported affinity of hEXOG to DNA is 35-fold higher, but the turnover rate is ~270-fold 

slower than Pol β.16,23 Together these data suggest that hEXOG would preferentially bind to 

a dRP-DNA substrate if in direct competition with Pol β.

5′-THF Removal.—Pol β and Pol γ show negligible activity on THF-containing gapped 

DNA (Figure 1b), but hEXOG excised THF at an efficiency comparable to that on the dRP-

containing substrate (Figure 1a,b). AP removal by hEXOG therefore utilizes a mechanism 

other than β-elimination. Comparable results were obtained using 3′-labeled substrates 

(Figure S3).

5′-dL Removal.—To make dL-containing DNA, we chemically synthesized 7-nitroindole 

(NI) phosphoramidite, a precursor of dL (Figures 2c and S4, Tables S3 and S4, and 

Supplementary Results). Immediately prior to use, NI-DNA was converted into dL-DNA by 

UV irradiation. As alkaline hydrolysis only affects UV-irradiated dL but not NI, conversion 

of 32P-NI to dL was evaluated by quantifying the reduction of 32P-NI upon UV treatment 

and alkaline hydrolysis. The conversion was near 100% (Figure 2a, lane 5). hEXOG 

effectively excises 5′-dL completely from the nicked dsDNA (Figure 2a,b).

Mechanism of hEXOG AP Lyase.

In the presence of NaBH4, Pol β is covalently linked to the 5′-32P-dRP-DNA substrate 

(Figure 3a, lanes 3 and 4), consistent with the β-elimination with a Schiff base 

intermediate.24 No cross-linked product was detected with hEXOG (Figure 3a, lanes 1 

and 2) despite the enzyme being fully active on the dRP-containing substrate (Figure 1a). 

In contrast to dRP removal by Pol β, that by hEXOG is completely dependent on the 

presence of Mg2+ (Figures 3b and S5a); furthermore, abolition of the catalytic histidine 
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(H140A) destroys the enzymatic activity (Figure S5b). These data confirm the conclusion 

that removal of AP by hEXOG is through hydrolysis, whereas Pol β uses β-elimination.

Structural Basis for Excision of AP by hEXOG.

Crystals of hEXOG complexed with dRP-DNA were formed with the nuclease-deficient 

H140A variant and a 5′-THF-10 nt DNA annealed to an 11 nt complementary strand 

(5′THF-10 nt/11 nt DNA, Figure 4c). The substrate mimics the downstream portion of a 

stable 5′-dRP-containing gapped DNA. Crystals of the hEXOG-5′THF-10 nt/11 nt complex 

belong to the P21212 space group and diffract to 2.9 Å. The structure was determined by 

molecular replacement using a hEXOG-dsDNA complex16 as a search model and refined to 

R-factor = 21.8% and R-free = 27.7% (Table S2).

The complex of hEXOG and 5′-THF-10 nt/11 nt DNA is a dimer. Each hEXOG monomer 

consists of a catalytic Core and a Wing domain; the dimer interface is formed by the 

N-terminal region of the Core domain and strengthened by domain swapping. The Core 
domain harbors the catalytic residue H140. The 5′-THF-10 nt/11 nt dsDNA is bound in the 

cleft formed by the Core and Wing domains with the 5′-THF in the active site (Figure 4b).

As the structure contains the nuclease-deficient (H140A) variant, we derived an active 

hEXOG by replacing Ala140 with His from the wild-type hEXOG apo structure after 

superimposing the catalytic Core domain.25 The RMSD of the superimposed backbone 

residues of the Core is 0.31 Å, lending confidence to the positioning of the docked histidine. 

For convenience, the DNA residues are numbered sequentially from the 5′-AP-containing 

substrate strand (Figure 4c). The base pair adjacent to the AP site, C2–G10, stacks against 

a platform formed by F307, Y310, and L311 (Figure 4f), which positions the nucleoside G4 

on the substrate strand 3.4 Å from H140, thus poising H140 to catalyze a water-mediated 

strand breakage between the third phosphodiester bond from the 5′-end (Figure 4a,b). 

A Mg2+ ion is coordinated by three water molecules, N171, a nonbridging oxygen, and 

the bridging oxygen of the scissile bond (Figure 4a,d), suggesting that hEXOG utilizes a 

divalent metal-dependent SN2 reaction mechanism. The structure indicates that the product 

of hEXOG AP hydrolysis is a 5′-AP-2 nt, consistent with the solution results that hEXOG 

cleaved 5′-THF-19-Flsn and the product was 17-Flsn (Figure S3b).

The 5′-THF is frayed from the complementary strand (Figure 4e,f). The AP-binding site 

is distal to the catalytic site and forms electrostatic interactions with R314 and K148 at the 

5′-phosphate (Figure 4a,e), suggesting that hEXOG AP hydrolysis should be unaffected by 

the chemical nature of the abasic site. This idea adequately explains the efficient cleavage by 

hEXOG of dRP-, dL-, and THF-containing DNA and likely other substrates.

To test this conclusion, we constructed a hEXOG C-terminal 68 aa deletion mutant 

(hEXOGΔC68) that lacks the Wing domain and R314 as well as the residues that stabilize the 

substrate DNA for AP cleavage (F307, Y310, and L311). hEXOG-ΔC68 showed significantly 

reduced dRP removal activity (Figure S5), confirming the structural conclusion that the 

Wing domain plays a critical role in substrate positioning and AP site recognition.
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Structure of hEXOG Complexed with a Partial Gapped DNA.

To understand how hEXOG recognizes a gap in duplex DNA, we designed a gapped DNA 

of 24 nt annealed to 13 nt and 10 nt oligos at its 3′- and 5′-ends, respectively, and a 12/10 

nt partial duplex DNA with 2 nt overhang at the 3′-end of the complementary strand that 

mimics the downstream portion of the gapped DNA for crystallization. Crystals containing 

gapped DNA diffracted to a resolution too low to be informative, but crystals of hEXOG 

complexed with the 12/10 nt DNA diffracted to 2.1 Å. The structure was determined using 

molecular replacement and refined to R/R-free to 0.202/0.238 (Table S2).

hEXOG binds the 10 bp duplex region of the 12/10 nt DNA in the same manner as a 

perfect duplex;16 the single-stranded region of the complementary strand enters an opening 

between the Wing and Core domains, where both unpaired bases are flipped out relative 

to the duplex axis (Figure 5a,b). Helices from both the Core (K-helix) and Wing (O-helix) 

domains facilitate positioning of the unpaired single-stranded region with F307 and Y310 

stacking with the blunt end of the partial DNA duplex. F258 is 4Å from the base moiety of 

G10 of the complementary strand, forming a sequence nonspecific interaction that guides the 

DNA away from the enzyme active site (Figure 5a).

The location of the single-stranded region of the complementary strand in the 12/10 nt DNA 

complex is similar to that in the hEXOG-THF-DNA complex structure (Figure 5b). We 

thus generated an hEXOG complex with AP-containing gapped DNA by docking a gapped 

DNA from the FEN1-DNA complex26 onto the 12/10 nt DNA and THF-DNA complexes 

after superimposing the duplex regions (Figure 5c). The resulting two superimposed 

complementary strands are highly similar (RMSD = 1.9Å), lending confidence to the model. 

The composite AP-containing gapped DNA showed no steric clash with hEXOG, and the 

Wing domain is critical for bending the gapped DNA at a single-nucleotide gap or nick, 

thereby conferring the substrate specificity of hEXOG. The model also shows that the 

5′-abasic site is frayed from the complementary strand by 16Å and sequestered within the 

active site of the enzyme. As hEXOG releases reaction products slowly, the structure further 

implies that hEXOG could prevent premature ligation of DNA prior to AP removal and 

gap-filling synthesis, thus ensuring the correct order of reactions in the BER pathway.

To test this hypothesis, we carried out ligation assays of THF-containing nicked DNA by 

human mitochondrial ligase III (Lig3) with and without hEXOG. In the absence of hEXOG, 

Lig3 ligates 5′-THF-containing DNA with similar efficiency to undamaged DNA (Figure 

S6). This abortive ligation was reduced by hEXOG in a concentration-dependent manner 

(Figure 5d). Ligation began to diminish at an hEXOG/Lig3 molar ratio of 2:1, suggesting 

that hEXOG can displace Lig3 from nicked DNA; hEXOG is thus capable of determining 

the reaction order of BER so that DNA endcleaning precedes Pol γ gap-filling synthesis, 

which is ultimately followed by ligation.

DISCUSSION

High levels of reactive oxygen species in mitochondria damage both nucleobase and 

deoxyribose moieties of mtDNA. In this study, we report that hEXOG performs the rate-

limiting step of BER by processing 5′-abasic sites. The nuclear dRP lyase, Pol β, has 
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recently been reported to be present in mitochondria27,28 despite no obvious mitochondrial 

localization sequence (MLS). This observation raises the question whether one or both 

enzymes function in mtBER. However, hEXOG acts on all AP sites irrespective of their 

chemical structures, whereas Pol β is specific for dRP and depletion of FEN1, which 

removes the flap in nuclear LP-BER and has no effect on AP removal in mitochondria 

(REF). Furthermore, while Pol β exists in all cell types,29 its mitochondrial localization 

is cell type-specific: it is found in the brain and kidney but not in the liver, muscle, or 

heart.30,31 In contrast, hEXOG is specifically localized to mitochondria in all cell types 

examined,15 including those where Pol β is absent. These observations suggest that hEXOG 

is the primary enzyme used in mtBER, but its essential organismal function could possibly 

be complemented by Pol β in certain cell types.

A fundamental difference between EXOG and Pol β in dRP removal lies in the mechanism 

of reaction. EXOG employs a 5′-exonuclease activity, whereas Pol β uses β-elimination via 

a Schiff base intermediate.24,21 This difference means that Pol β cannot remove oxidized 

dRPs, such as deoxyribonolactone dL, because it would covalently bond with a reaction 

intermediate. In contrast, hEXOG hydrolyzes the third phosphodiester bond from the 

5′-abasic site; it is therefore expected to remove an AP site regardless of any chemical 

modification to the deoxyribose.

For efficient BER, enzymatic activities must be coordinated to ensure that the order of 

reactions is faithfully maintained. The order of BER could be ensured by the affinity 

of an enzyme for its specific repair intermediate. For example, the 5′-dRP-containing 

DNA is the substrate for the enzymes catalyzing dRP removal and ligation. This is 

particularly problematic in mitochondria as its only ligase, Lig3, catalyzes phosphodiester 

bond formation for abasic site-containing DNA almost equally well as intact DNA.32 This 

premature ligation would regenerate the original abasic site without repair. It is therefore 

crucial to ensure that the Lig3 reaction follows dRP removal. Our current study shows that 

hEXOG effectively prevents premature ligation and, further, makes the subsequent BER 

reactions more efficient by generating the optimal gap for repair synthesis by Pol γ.

The division of nuclear BER into a single nucleotide and long patch is due to the lack 

of lyase activity in the nucleus for oxidized 5′-deoxyribose. The broad-spectrum activity 

of hEXOG suggests that mtBER can proceed with one pathway (Scheme 1). Our studies 

suggest that hEXOG plays multiple roles in mtBER by displaying a universal 5′-AP 

hydrolysis ability, generating an optimal product for the next reaction, and setting the 

reaction order. Our results augment additional evidence toward LP-BER being a major BER 

mechanism in mitochondria.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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hEXOG human exo/endonuclease G

Pol γ DNA polymerase γ

Pol β DNA polymerase β

BER base excision repair

FEN1 flap endonuclease 1
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Figure 1. 
AP removal activity of hEXOG, Pol β, and Pol γ. Activities of hEXOG (blue), Pol β 
(green), and Pol γ (red) on digestion of 5′-32P-labeled DNA dRP (a) or THF (b). For clarity, 

the biotin blockers on the DNA ends are not shown. The graphs represent the mean values 

with standard deviations (error bars) from three experiments. Reactions were carried out for 

5 min at 37 °C using 5 nM DNA substrate and hEXOG, Pol β, or Pol γ in the presence of 10 

mM MgCl2.The raw data are presented in Figure S1.

Szymanski et al. Page 11

J Am Chem Soc. Author manuscript; available in PMC 2024 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
hEXOG cleavage of the oxidized abasic site dL. (a) Conversion of nitroindole (NI)-

containing DNA to deoxyribonolactone (dL) and the hydrolysis activity of hEXOG on dL-

containing DNA. Lane 1: molecular weight standard, lane 2: NI-DNA, lane 3: NaOH-treated 

NI-DNA, lane 4: UV-treated NI-DNA, lane 5: UV- and then NaOH-treated NI-DNA, lanes 

6–9: dL-containing DNA (10 nM) processed by hEXOG for 5 min at 37 °C in the presence 

of 10 mM MgCl2. (b) Quantification of the data in panel (a). The graph presents the mean 

values with deviations (error bars) from two experiments. (c) Schematic of dL-containing 

DNA synthesis.
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Figure 3. 
dRP removal by hEXOG and Pol β. (a) hEXOG (51 nM) or Pol β (58 nM) incubated at 0 

°C with 10 mM 5′-32P-dRP-containing DNA and 20 mM NaBH4 with or without 10 mM 

MgCl2. (b) Quantification of enzyme concentration-dependent dRP removal (raw data are 

shown in Figure S4).
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Figure 4. 
Crystal structures of hEXOG H140A. (a) Active site of hEXOG shows the scissile bond 

at the third phosphodiester bond, yielding a 5′-THF-2 nt product. The catalytic H140 is 

docked from the Apo hEXOG structure after superposition of the Core domains. The 

electron density of THF-10 nt/11 nt DNA is shown in the blue mesh. F307 contributes to 

the tape-measured cleavage. 5′-THF is stabilized by R314, K148, and Y310 from the Wing 

domain. (b) Overall structure showing the homodimer hEXOG; each monomer contains a 

catalytic Core domain (green) and a Wing domain (gray). The DNA contains a 5′-THF-10 

nt substrate (magenta) and an 11 nt complementary strand (gray). (c) Scheme of the DNA 

substrate. (d) Proposed nucleolytic reaction mechanism of hEXOG. (e) Interaction of THF 

with hEXOG. (f) Terminal base pair interaction with F307, Y310, and L311.
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Figure 5. 
Crystal structure of a partially gapped DNA and the effect of hEXOG on the order of BER 

reactions. (a) Active site of 10/12 nt partial duplex showing the strand separation by K-helix 

of the Core domain and Y310 and F307 of the Wing domain. The −1 and −2 residues of the 

complementary strand are flipped out by ~90°. The DNA sequence in the crystal is shown. 

(b) Surface rendition illustrating that the 3′-end of the complementary strand departs from 

the 5′-end of the substrate strand. (c) Modeling indicates that the 5′-end of the substrate 

strand is protected by hEXOG. (d) Ligation of the THF-containing substrate (50 nM) in 
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the presence of Lig3 (50 nM) and increasing concentrations (10, 25, 50, 100, 200 nM) of 

hEXOG. Reactions were carried out for 5 min at 37 °C in the presence of 10 mM MgCl2 and 

1 mM ATP. A representative image from three independent experiments is shown.
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Scheme 1. BER in Nucleus and in Mitochondriaa

aThe nuclear BER is based on existing literature, and the mitochondrial pathway is proposed 

based on this study.
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