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In higher eukaryotic cells, mitochondria are essential subcellular
organelles for energy production, cell signaling, and the biosynthesis
of biomolecules. The mitochondrial DNA (mtDNA) genome is in-
dispensable for mitochondrial function because it encodes protein
subunits of the electron transport chain and a full set of transfer and
ribosomal RNAs. MtDNA degradation has emerged as an essential
quality control measure to maintain mtDNA and to cope with mtDNA
damage resulting from endogenous and environmental factors.
Among all types of DNA damage known, abasic (AP) sites, sourced
from base excision repair and spontaneous base loss, are the most
abundant endogenous DNA lesions in cells. In mitochondria, AP sites
trigger rapid DNA loss; however, the mechanism and molecular
factors involved in the process remain elusive. Herein, we demon-
strate that the stability of AP sites is reduced dramatically upon
binding to a major mtDNA packaging protein, mitochondrial tran-
scription factor A (TFAM). The half-life of AP lesions within TFAM-
DNA complexes is 2 to 3 orders of magnitude shorter than that in
free DNA, depending on their position. The TFAM-catalyzed AP-DNA
destabilization occurs with nonspecific DNA or mitochondrial light-
strand promoter sequence, yielding DNA single-strand breaks and
DNA-TFAM cross-links. TFAM-DNA cross-link intermediates prior to
the strand scission were also observed upon treating AP-DNA with
mitochondrial extracts of human cells. In situ trapping of the reaction
intermediates (DNA-TFAM cross-links) revealed that the reaction pro-
ceeds via Schiff base chemistry facilitated by lysine residues. Collec-
tively, our data suggest a novel role of TFAM in facilitating the
turnover of abasic DNA.

DNA damage | DNA turnover | DNA-protein cross-links | DNA repair |
mitochondrial DNA degradation

M itochondria are critical for energy production, cell signal-
ing, and the biosynthesis of protein cofactors in higher
eukaryotic cells (1, 2). Mitochondrial DNA (mtDNA), a double-
stranded circular DNA of 16,569 bp, is present in multiple copies
in mitochondria and exists in condensed DNA-protein com-
plexes known as nucleoids. MtDNA encodes 13 protein subunits
of the electron transport chain complexes and a full set
of transfer and ribosomal RNAs, and is critically impor-
tant for cellular function and organismal health (3-5).
MtDNA is susceptible to endogenous and exogenous factors,
resulting in mtDNA damage that can lead to mitochondrial
genomic instability (3, 6), a contributor of the pathogenesis of
various mitochondrial disorders, neurodegeneration, and
cancer (7-9).

To cope with DNA damage, multiple repair pathways exist in
mitochondria, with base excision repair (BER) being a major
player (3, 7, 10). During BER, the oxidized or alkylated DNA
lesions are excised enzymatically at the N-glycosidic linkage,
forming abasic (AP) sites as an important intermediate. Sub-
sequently, the AP lesion is repaired and replaced by an un-
modified nucleotide via multiple enzymatic pathways (11, 12).
AP sites are also produced by spontaneous loss of unmodified
and alkylated nucleobases. Collectively, the total number of AP
sites can range from 20,000 to 50,000 per cell each day, which
makes AP sites the most abundant type of endogenous DNA
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damage in cells (13, 14). Within mitochondria, AP lesions are
also abundant and can number in the hundreds per cell, con-
sidering their steady-state level (0.2 to 3 AP sites per 10° bp) (15,
16) and the number of mtDNA copies per cell (~1,000) (17).
Importantly, AP sites are chemically labile and reactive and can
lead to secondary DNA damage such as DNA single-strand
breaks (SSBs), DNA-DNA interstrand cross-links, and DNA-
protein cross-links (DPCs) (18-23). If not repaired, AP sites
and their derivatives are mutagenic in the nuclear genome (24—
26); however, the understanding of the biological consequence of
AP sites in mitochondria remains limited.

Recently, mtDNA degradation has emerged as an essential
mechanism to counteract mtDNA damage (27-35). MtDNA
degradation is activated in response to difficult-to-repair DNA
lesions or excessive DNA damage, and is thought to be non-
specific to DNA lesion types (27-32). Remarkably, Alexeyev and
colleagues demonstrated that mitochondrial AP sites trigger
mtDNA degradation in human and mouse cells (29, 36). The
observed DNA loss is rapid and not likely due to autophagy,
mitophagy, or apoptosis (30, 32). Collectively, this body of work
underscores the importance of mtDNA degradation and suggests
strongly the existence of unidentified pathways and molecular
factors in this process.

In this work, we demonstrate that the stability of AP sites is
reduced drastically when mitochondrial transcription factor A
(TFAM) binds to an AP lesion-containing duplex DNA (AP-
DNA). TFAM is a key protein that coats and packages mtDNA
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molecules into nucleoids. TFAM binds to mtDNA specifically at
promoter regions to activate mitochondrial transcription, and
also nonspecifically throughout the mtDNA genome to condense
mtDNA and regulate DNA transactions (37-40). Our study
shows that recombinant human TFAM catalyzes the strand
scission at AP sites, and decreases the half-life of AP lesions by
230- to 1,200-fold relative to free AP-DNA, depending on the
position of AP sites. TFAM promotes the formation of Schiff
base intermediates (i.e., DPCs) and SSBs, facilitated by several
lysine residues. The TFAM-mediated AP-DNA destabilization
occurs with both mitochondrial light-strand promoter (LSP) se-
quence or nonspecific DNA, and also when AP-DNA is treated
with mitochondrial extracts of HeLa or HEK-293 cells. The
importance of lysine residues in Schiff base formation and
TFAM-mediated strand cleavage was confirmed using TFAM
variants containing lysine residues substituted with alanine or
arginine. Taken together, our results demonstrate that TFAM
destabilizes abasic DNA, and suggest a novel role of TFAM in
damaged mtDNA degradation.

Results

TFAM Accelerates Strand Scission at AP Sites with Nonspecific DNA.
TFAM is a highly abundant protein in mitochondrial nucleoids
that coats and compacts the entire mtDNA molecule. As a
member of the high-mobility group (HMG) box proteins, TFAM
contains two HMG-box domains and an interdomain linker (Fig.
14), which together impose a U turn on mtDNA (37-39). By
analysis of the X-ray crystal structures of TFAM-DNA com-
plexes (37-39), we identified several lysine residues with the
e-NH, group close to the Cl’-carbon of the nearby nucleotide
residue (highlighted in purple in Fig. 14). We hypothesized that
the e-NH, group of these lysine residues could act as a nucleo-
phile and react with nearby AP sites via Schiff base chemistry to
yield SSBs (Fig. 1C). To test this, we first determined the ap-
propriate concentration of TFAM needed to form TFAM-DNA
(1:1 molar ratio) complexes, which presumably conform to the
reported structure (39). With a nonspecific DNA substrate
similar to that used in previous structural work (39), the percent
yield of TFAM-DNA (1:1) complexes is the highest when the
two components are mixed at a 2:1 (TFAM/DNA) molar ratio
according to electrophoretic mobility-shift assays (EMSAs; Fig.
2A4). We thus adopted this ratio in our subsequent assays.

We carried out reactions with recombinant human TFAM and
AP-DNA under physiological conditions (pH 7.4, 37 °C). On the
basis of structural data (39), we designed an oligodeoxynucleotide
with a deoxyuridine (dU) residue as the precursor of AP sites
and a 3’-fluorescein (FAM) label. The dU residue was designed
near the amino acid residue K69 in the TFAM-DNA struc-
ture, and the FAM label was used to follow the strand cleavage
reaction. Uracil-DNA glycosylase was used to convert the dU
residue to an AP lesion. The resulting AP-DNA (hereinaf-
ter referred to as APy; sequence shown in SI Appendix, Table
S1) was mixed with TFAM at a 2:1 (TFAM/DNA) molar ratio to
form TFAM-AP; complexes. After incubation for varying times,
reaction aliquots were taken and quenched with the reducing
agent NaBH, to minimize subsequent adventitious strand
cleavage. We analyzed the reaction products using an SDS-urea
gel to separate DNA and protein under denaturing conditions.
As shown in Fig. 2B, AP; was quickly converted to SSBs over
time (lane 6, 30-min reaction; lane 7, 12-h reaction). Aside from
SSBs, in situ trapping with NaBH3;CN produced slower-
migrating bands (lanes 4 and 5), which are assigned as covalent
TFAM-DNA cross-links based upon the fluorescence signal
(from DNA), their molecular weight, and their conversion into
faster-migrating products upon proteolytic digestion (SI Appen-
dix, Fig. S4; vide infra). Successful trapping of DPCs with
NaBH;CN suggests the formation of Schiff base intermediates
and the involvement of TFAM in the reaction. The formation of
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Fig. 1. Structural basis and proposed mechanism of TFAM-mediated DNA
strand scission at AP sites. (A) Crystal structure of TFAM complexed with DNA
containing the mitochondrial light-strand promoter sequence (PDB ID code
3TQ6). The two HMG-box domains of TFAM are in orange (HMG1) and blue
(HMG2), and the interdomain linker is in wheat. Potentially reactive (with AP
sites) lysine residues within the two HMGs are highlighted in purple. The
heavy strand is in cyan, and the light strand is in green with the positions of
AP lesions shown as dashed lines. (B) AP-DNA substrates with the positions of
AP sites indicated by arrows. (C) The proposed mechanism of TFAM-
catalyzed DNA strand cleavage at AP sites via Schiff base intermediates
(DNA-protein cross-links) to form single-strand breaks.

SSBs was abolished in the presence of an AP site-reactive chemi-
cal, methoxyamine (Fig. 2B, lane 8), confirming the participation
of AP sites in the reaction.

To assess the role of TFAM in AP-site destabilization, we
determined the kinetics of the disappearance of AP; and the
formation of SSBs and DPCs using denaturing polyacrylamide
gel electrophoresis (PAGE) (Fig. 2C and SI Appendix, Fig. S4).
The DPCs were converted to peptide-DNA cross-links by pro-
teolytic (trypsin) digestion prior to gel electrophoresis to facili-
tate their migration (for simplicity, DPCs were used without
specifying peptide—-DNA cross-links). Quantifying the resulting
products from denaturing PAGE analysis revealed the time
course formation for all three components (Fig. 2C). In TFAM-
AP, complexes, intact AP; underwent relatively rapid strand
scission at AP sites, with only 20% of intact DNA remaining
after a 24-h reaction. The rate of AP, disappearance was ap-
proximated by ignoring the reversibility of initial Schiff base
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Fig. 2. TFAM accelerates strand cleavage at AP sites with nonspecific DNA. (A, Top) Representative electrophoretic mobility-shift analysis to determine the
binding stoichiometry. (A, Bottom) The percent yield of 1D-1T complexes (D, DNA; T, TFAM). Data are from two independent experiments, and errors indicate
the range of data. (B) TFAM induces the formation of DPCs and SSBs with AP, (AP-DNA with a nonspecific sequence), observed by SDS-urea PAGE. Lane 1,
oligodeoxynucleotide markers; lane 2, confirmation of the presence of AP lesion in AP, after alkaline cleavage (0.1 M NaOH, 37 °C for 30 min); lane 3,
stabilized AP, after reduction with 0.1 M NaBH,; lanes 4 and 5, reactions of TFAM and AP, for 0.5 and 12 h, respectively, with DPCs trapped in situ by NaBH3CN
(25 mM); lanes 6 and 7, reactions of TFAM and AP, for 0.5 and 12 h, respectively, without NaBH3CN; lane 8, inhibition of DPC and SSB formation in the
presence of the AP lesion-capping reagent methoxyamine (10 mM); lane 9, molecular mass ladder. (C) Representative time course of DPC and SSB formation,
and AP-site disappearance, derived from denaturing PAGE analysis shown in S/ Appendix, Fig. S4. Data from control reactions with methoxyamine are shown
as black squares. Data were fit to a single-exponential decay equation to obtain the formation rate and half-life of AP;.

formation (22) and fitting the data to a single-exponential decay
equation to obtain a kg;s of 2.3 X 1073571 (Table 1). The half-life
of AP sites within TFAM-bound AP; is 8.7 h, in stark contrast
with a half-life of 980 h observed in free AP, (Table 1 and S/
Appendix, Fig. S7). The 110-fold reduction in half-life supports
strongly the role of TFAM in AP-lesion destabilization. Without
chemical trapping, the reaction produced only a basal level (~3%)
of DPC:s in the first few hours (Fig. 2C, Left and Table 2). Reactions
with methoxyamine (Fig. 2C, Left) abolished SSB and DPC for-
mation, consistent with the results in Fig. 2B, lane 8. In situ trapping
with NaBH;CN stabilized the Schiff base intermediates (DPCs) and
caused a significant increase in the DPC yield (~50%) at the ex-
pense of SSBs (Fig. 2C, Right). Together, our results argue that the
accelerated strand cleavage at AP sites depends on a TFAM-
mediated Schiff base intermediate(s) and that the formation of
DPCs is slow relative to the hydrolysis of the intermediate(s).

The Reactivity of AP Sites Varies Based on Their Position in TFAM-
DNA Complexes. To examine the susceptibility of AP sites at dif-
ferent locations within DNA-TFAM complexes, we generated
AP-DNA substrates using the LSP sequence. It is well-documented
that TFAM binds to LSP-DNA with a defined conformation and
polarity to activate transcription (37-40). Therefore, we used LSP-
DNA substrates containing a specifically positioned AP lesion
to probe the interactions of AP sites with surrounding amino

acid residues. The duplex DNA with an AP lesion near K69 and
K62 of HMGI is referred to as AP;,, and that with an AP lesion
near K183, K186, and K190 of HMG?2 is referred to as APis
(graphic illustration shown in Fig. 1; sequence shown in SI Ap-
pendix, Table S1).

When AP;;5 is complexed with TFAM, rapid strand scission at
AP sites was observed within minutes, leaving only ~10% intact
DNA after an 8-h incubation (Fig. 3, Left and SI Appendix, Fig.
S5). Fitting the time course of AP;s disappearance to a single-
exponential decay function yields a rate of disappearance of
8.1 x 107 s™" (Table 1). The half-life of AP sites within TFAM-
AP;5 complexes is only 2.4 h, a dramatic decrease compared with
aty; of 2,800 h in naked AP;s (Table 1 and SI Appendix, Fig. S7).
The 1,200-fold reduction in the half-life of AP sites corroborates
our observations with nonspecific DNA, and again points to a
role of TFAM in AP-DNA destabilization. To confirm further
that the observed effect is not due to TFAM simply supplying
free amino groups, we conducted reactions with N,-acetyl-lysine
and AP;s mixed at a 2:1 molar ratio. In this case, the rate of dis-
appearance (6.8 x 107" s™') is 2 orders of magnitude lower than
that of TFAM-catalyzed reactions, indicating that the observed
destabilization of abasic DNA is indeed due to specific interac-
tions between TFAM and AP sites. In the presence of
NaBH;CN (Fig. 3, Right and SI Appendix, Fig. S5), faster
strand cleavage was observed, likely because the stabilized

Table 1. Effect of wild-type TFAM in promoting strand cleavage at AP sites in TFAM-DNA complexes
TFAM-DNA complex
Fold reduction in ty),
AP-DNA NaBH;CN Kgis, 1072 57" tiz, h Free DNA t;, h relative to free DNA
AP, - 23+04 8.8+ 1.6 980 + 120 110
AP, + 72+13 2.7+ 04 -
AP5 - 8.1+ 1.1 24 +0.3 2,800 + 100 1,200
AP;5 + 29 +1 0.67 + 0.004 -
AP, - 9.1+ 0.7 2.1+0.2 480 + 50 230
AP, + 12+ 14 1.6 + 0.05 -

The rates of AP-lesion disappearance were obtained by fitting data to a single-exponential function. Data are mean + SD (n = 3).
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Table 2.

DPC formation

Importance of lysine residues in forming DPCs and SSBs with AP-DNA in TFAM-DNA complexes

AP-lesion disappearance

TFAM-DNA complexes NaBHsCN rate k¢, 107> s™"  DPC yield, % Kgis, 107° 57" ti h
WT-AP, - 3.0+27 23+04 88+ 1.6
+ 73+08 62 + 16 72+13 27+04
WT-AP;5 - 26+ 1.2 8.1+ 1.1 24+03
+ 24 +2 56 + 9 29 + 1 0.67 + 0.004
3KA-AP;s5 - 1.5+ 0.7 6.6 + 1.3 3.0 + 0.6
+ 12+2 302 11 +0.03 1.8 + 0.01
3KR-AP;5 - 1.5+ 0.8 5.8 +0.9 34+05
+ 6.7 +3.0 45+ 12 89+ 19 2.5+ 0.6
WT-AP;, - 1.3+05 9.1+0.7 21+02
+ 11 +0.7 30+ 8 12+1.4 1.6 + 0.05
2KA-AP;, - N/A 6.2+ 0.1 3.1+ 0.03
+ 6.1+0.5 30+ 1 7.0 + 0.1 27 +0.1

The rates of DPC formation and AP-lesion disappearance were obtained by fitting data to a single-exponential
function. Data are mean + SD (n = 3). N/A, not detected using ImageQuant software.

DPC intermediates disrupt the reversibility of Schiff base for-
mation and promote the forward reaction. The yield of DPCs was
increased significantly (~60% in 2 h) at the expense of SSBs
(Table 2). In composite, our data demonstrate that AP lesions
formed near K183, K186, and K190 within HMG2 are highly
susceptible to strand cleavage by TFAM.

We also examined the lability of AP sites near K69 and K62
using APy,, and found that AP sites in AP, appear to be less
labile compared with that in AP;s. First, we used the reduction
(relative to free DNA) in the half-life of AP sites to compare
effects of the lysine residues within the two HMG domains, be-
cause the half-life of AP sites is sequence-dependent (41, 42). As
shown in Table 1, when compared with the 1,200-fold reduction
of AP-lesion half-life in AP;s, the 230-fold reduction observed
with AP, indicates that AP sites near K69 and K62 in HMG1
are less labile, albeit still much more labile than in free DNA.
Second, we compared the relative increase in the rate of AP-
DNA disappearance with and without chemical trapping (Table
2). Chemical trapping of DPCs in situ resulted in a nearly 4-fold
increase in the rate of AP-DNA disappearance with AP;5 (8.1 vs.
29 x 1073 s1), whereas an only marginal increase was observed
for APy, (9.1 vs. 12 x 107 s7"), suggesting the formation rate of
DPCs contributes differently to the overall reaction in HMG1
and HMG2. A faster DPC formation rate observed with AP;s
(24 x 107 s7") relative to APy, (11 x 107 s™") under NaBH3CN
trapping also corroborates these data (Table 2). These differ-
ences are consistent with the fact that potentially more lysine
residues (K183, K186, and K190) within HMG2 contribute to the
reaction as compared with HMG1 (K69 and K62). Overall, the
results demonstrate that TFAM destabilizes AP sites and pro-
motes strand cleavage in TFAM-DNA complexes. The role of
TFAM in reducing the stability of AP sites resembles that of
histone proteins; however, the extent of reduction in AP-lesion
half-life appears to be more dramatic than that observed in nu-
cleosome core particles (22, 43).

Lysine Residues of TFAM Contribute to Rapid Strand Scission at AP
Sites. On the basis of structural analysis, we hypothesized that
lysine residues (K183, K186, and K190 in HMG2; K62 and K69
in HMG1; shown in Fig. 14) play a role in TFAM-mediated AP-
DNA strand scission. To test this, we prepared variant forms of
TFAM, containing KI183A/K186A/K190A (3KA), KI183R/
K186R/K190R (3KR), and K62A/K69A (2KA). We paired 3KA
or 3KR with AP;s, and 2KA with AP;,, to compare the effect of
the variant proteins in AP-lesion destabilization relative to wild-
type (WT) TFAM. Substituting lysine with alanine is expected
to abolish the Schiff base intermediates derived from these

Xu et al.

residues, whereas substitution with arginine (a weaker nucleo-
phile under physiological pH) is expected to diminish the for-
mation of DPCs. To ensure similar TFAM-DNA complexes are
formed with variant proteins, we performed EMSA to verify the
binding stoichiometry. As observed in SI Appendix, Fig. S3, rel-
ative to WT TFAM, the binding patterns of variants were nearly
identical, with either LSP-DNA or tetrahydrofuran-containing
DNA (THF-DNA; THF is a stabilized AP-lesion analog).
These results confirm that neither the amino acid substitution
nor the presence of AP sites alters the binding stoichiometry of
TFAM with DNA, though a slight increase in Kgpna Was ob-
served with the K-to-A variants (SI Appendix, Fig. S2). On the
other hand, the 3KR variant maintains similar DNA-binding
affinity relative to WT (Kgpna, 6.7 = 0.7 nM), as indicated by
a Kyqpna of 8.4 (x1.0) nM, ensuring that the K-to-R substitution
has minimal impact on the TFAM-DNA interactions (SI Ap-
pendix, Fig. S2D).

In the presence of chemical trapping, the 3KA variant com-
promised the DPC formation with AP;s significantly (Fig. 44,
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Fig. 3. TFAM facilitates strand scission at AP sites with LSP-DNA (APs). (A)
Representative denaturing PAGE analysis of reactions of TFAM with AP4s. (B)
Fitting the time course to a single-exponential function to extract the rates
of DPC and SSB formation and AP,s disappearance (summarized in Table 2).
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Importance of lysine residues in AP-lesion destabilization. (A) Representative denaturing PAGE analysis of the reaction products with wild-type TFAM

Appendix, Figs. S5 and S6. (B) Relative to wild-type TFAM, TFAM variants with

lysine-to-alanine substitutions show slower DPC formation rates. DPCs are trapped by reducing the C=N to C—N with NaBH3CN. Data are mean + SD (n = 3). (C)

Effect of lysine-to-alanine substitution on the half-life of AP;, and APs. Data

Left and SI Appendix, Fig. S5). Fitting the reaction time course to
a single exponential equation revealed a nearly 50% decrease in
the yield (WT, 56%; 3KA, 30%) and the formation rate of DPCs
(WT, 24 x 107 s7'; 3KA, 12 x 107> s71), as shown in Fig. 4B and
Table 2. The observation confirms the importance of the three
lysine residues in HMG?2 in Schiff base formation. Notably, the
3KA variant did not completely abolish the DPC formation (Fig.
34 and SI Appendix, Fig. S5), suggesting that in the absence of
the three lysine residues, additional amino acid residues could
contribute to the DPC formation. As expected, reactions with
AP;5s and 3KR revealed an ~20% decrease in the DPC yield
(WT, 56%; 3KR, 45%) and an ~75% decreased formation rate
(WT, 24 x 107 s7%; 3KR, 6.7 x 107 s~%; Table 2), reinforcing
the importance of K183, K186, and K190. Although the 45%
DPC yield with 3KR is greater than the 30% yield with 3KA as
expected, the DPC formation rate is similar with the two variants
(6.7 [£3.0] vs. 12 [+2] x 107> s7") considering the SE of the
experiments, likely due to a differing DPC formation mechanism
by other lysine or arginine residues in the two variants. On the
other hand, substitutions of K62A and K69A (2KA-AP,, com-
plexes) resulted in a similar overall DPC yield (~30%), albeit
formed at a slower rate (6.1 x 107> s™") relative to reactions with
WT TFAM (11 x 107> s7), as shown in Table 2, Fig. 44 (Right),
Fig. 4B (Right), and SI Appendix, Fig. S6. These data suggest that
lysine or arginine residues other than K62 and K69 participate in
the Schiff base formation. Overall, the observation that TFAM
variants did not eliminate the imine formation correlates with the
known conformational flexibility of TFAM-DNA complexes (44).
Not surprisingly, relative to WT TFAM, reactions with each of
three TFAM variants (3KA, 3KR, and 2KA) led to an increase in
the half-life of AP sites (Fig. 4C), indicative of the importance of the
lysine residues in the AP destabilization. Collectively, the results
verify the importance of putative lysine residues in HMG1 and
HMG?2 for accelerated strand scission with AP-DNA.

TFAM-DNA Cross-Links Form with Mitochondrial Extracts of Human
Cells. To demonstrate that TFAM-promoted strand cleavage can
occur in the presence of other mitochondrial proteins, we pre-
pared mitochondrial extracts from HeLa and HEK-293 cells and
conducted similar reactions with AP;s using NaBH3CN to trap
the DPC intermediates. After a 1-h incubation at 37 °C, Western
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are mean + SD (n = 3).

blotting analysis using TFAM antibody revealed supershifted
TFAM conjugates corresponding to products formed with AP;5
and recombinant TFAM (SI Appendix, Fig. S84). Relative to
wild-type HeLa cells, experiments with mitochondrial extracts
from TFAM-knockdown cells (confirmed by Western blotting;
Fig. 54, lanes 1 and 2) showed a substantially lower yield of
DPCs (Fig. 54, lane 4), reinforcing the importance of TFAM in
the cross-linking reaction. Because AP endonuclease APE1 plays
an essential role in AP-lesion repair and is known to localize to
mitochondria (45), we assayed the APE1 activity using a THF-
containing substrate (AP;5-THF). The assay captures the speci-
ficity of APEL1 in cleaving the THF-containing substrate (46, 47),
whereas TFAM and other glycosylases do not have strand-scission
activities with this substrate. As shown in Fig. 5B, APE1 in mito-
chondrial extracts of HeLa cells cleaves AP;s-THF and produces a
6-nt DNA fragment, correlating with the reaction product formed
by recombinant APE1. Similar results were obtained with mito-
chondrial extracts from HEK-293 cells (S Appendix, Fig. S8). These
data demonstrate clearly that TFAM interacts strongly with AP-
DNA to form DPC intermediates in the presence of other mito-
chondrial proteins, and at physiologically relevant concentration
ratios of TFAM and APE1 in human cells.

To demonstrate quantitatively that TFAM is able to compete
with APE1, we purified and assayed the recombinant human
APE1 (SI Appendix, Fig. S1). The recombinant APE] is highly
active, as evidenced from its DNA binding (K4 pna, 0.61 nM in
SI Appendix, Fig. S2) and strand-scission activities (Fig. 5 B and
C and SI Appendix, Fig. S9). Considering that none of the BER
factors including APE1 has been identified as a mitochondrial
nucleoid protein (48, 49), the steady-state concentration of APE1
in mitochondria is likely to be very low. We carried out competition
assays under varying molar ratios of DNA/APEI (i.e., 1,000, 100,
and 10) and titrated TFAM in the APEl-mediated AP;s-THF
strand-scission reactions. TFAM shows an inhibitory effect under
all three conditions (Fig. 5 C and D and SI Appendix, Fig. S9). At
molar ratios of 100 and 1,000 (TFAM/APEL), the extracted relative
1C5q values correlate well with the physiological concentration ratios
of TFAM and mtDNA (50, 51), suggesting the possibility that
TFAM may complement AP lyases in vivo. In summary, the com-
bined data from experiments with mitochondrial extracts and those
with recombinant APE1 argue that TFAM interacts strongly with
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Fig. 5. Formation of DPCs in reactions of APs with mitochondrial extracts
from Hela cells and in the presence of APE1. (A) Western blotting analysis of
TFAM levels and reaction products of AP;5 with mitochondrial extracts from
HelLa cells. HSP60 (mitochondrial heat shock protein 60 kDa) was used as a
loading control. Lanes 1 and 2, TFAM levels in mitochondrial extracts from
wild-type Hela cells and Hela cells after stable TFAM knockdown. Lane 3,
recombinant human TFAM. Lanes 4 and 5, reactions of AP;5 with mito-
chondrial extracts from TFAM-knockdown cells and wild-type Hela cells,
respectively. DPC is confirmed by Western blotting as well as its migration
relative to the products obtained with APs and recombinant TFAM (a rep-
resentative image is shown in S/ Appendix, Fig. S8A). The detailed reaction
condition is described in Materials and Methods. (B) APE1 is active in the
mitochondrial extracts from Hela cells. The AP lyase activity of APE1 is assayed
using an AP;s-THF substrate. The cleaved product was assigned by comparing
with the products obtained with reactions using recombinant APE1. (C) A
representative image from PAGE analysis demonstrating the inhibitory effect
of TFAM toward the AP lyase activity of APE1. Reactions contained 1 uM AP;s-
THF, 1 nM APE1, and varying concentrations of TFAM. PAGE analysis for re-
actions with 10 and 100 nM APE1 is shown in S/ Appendix, Fig. S9. (D)
Fitting the TFAM inhibition data to an inhibitor dose-response equation
(described in Materials and Methods) to extract the relative 1Cso values
under different conditions. Data in the graph are from 2 independent
experiments, and errors indicate the range of data. ICso values were 1.6 +
0.05 pM in the presence of 1 nM APE1, 2.7 + 0.07 uM in the presence of
10 nM APE1, and 5.1 + 1.3 pM in the presence of 100 nM APE1. Data are
mean (n = 2) + SE of the fitting.

AP-DNA to form a Schiff base intermediate(s) and, considering the
abundance of TFAM in nucleoids, that TFAM-mediated AP-DNA
cleavage is likely to occur.

Discussion

Importance of mtDNA Degradation. The degradation of mtDNA
has been documented since the 1960s (27, 28, 52-54). In unstressed
rat tissues, mtDNA has a half-life of a matter of days, much shorter
than that of nuclear DNA (52). In response to DNA-damaging
agents or replication inhibitors, mitochondria can discard damaged
DNA molecules to maintain mitochondrial function (27, 28, 53, 54).
The degradation is believed to be nonspecific to lesion types and to
be activated either when mitochondria are unable to repair specific
lesions or when the number of lesions exceeds the repair capacity
(27-32). mtDNA degradation may also contribute to the etiology of
mtDNA depletion syndromes (55, 56), and to the activation of the
innate immune system by circulating mtDNA (57, 58). The idea
of a “disposable genome” (31) has inspired emerging research in
gene therapy to selectively eliminate the pathogenic mtDNA mole-
cules in mtDNA diseases (59-62).
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TFAM Promotes Strand Cleavage at AP Sites. Previous work has
shown that mtDNA elimination counteracts the mutagenicity of
AP sites in human and mouse cells, as evidenced by a decline in
mtDNA copy number and a moderate mutation load after the
induction of mitochondrial AP sites (36). Nonetheless, the
chemical and molecular basis of AP-DNA elimination remains
an important unsolved question. In this study, we present compel-
ling data demonstrating that TFAM promotes DNA strand scission
at AP sites. The AP lesion is chemically labile and can undergo slow
decomposition with a half-life on the order of weeks (22); however,
TFAM significantly reduces the AP-site half-life by 2 to 3 orders of
magnitude, producing strand breaks in minutes (Table 1). We
confirmed that several lysine residues (K62, K69, K183, K186, and
K190) in the two high-mobility group domains of TFAM promote
the strand scission, and facilitate Schiff base formation. Interest-
ingly, the observation that lysine-to-alanine substitution did not
completely abolish the DPC formation suggests a potential role of
other lysine or arginine residues in promoting strand scission at AP
sites. The TFAM-LSP-DNA complexes have been shown to be
dynamic rather than static structures (44). On the basis of structural
analysis, we reason that other lysine (e.g., K76) or arginine (e.g.,
R59) residues in TFAM variants could contribute to the reaction by
interacting transiently with AP sites through a butterfly-like TFAM-
DNA complex breathing (44). Also, considering the flexibility of the
interdomain linker, lysine or arginine residues in the linker region
could potentially contribute to the observed reaction in TFAM
variants (44). The potential for multiple residues to contribute to
the AP-DNA strand cleavage, and the fact that TFAM coats the
entire mtDNA molecule, suggests a ubiquitous nature of the
TFAM-promoted AP-DNA degradation, regardless of the position
of the AP lesion.

Considering the abundance of both TFAM and of AP sites,
and the fact that TFAM slides along the DNA (63), it appears
inevitable that TFAM would encounter endogenous AP sites in
mitochondria. Our combined data suggest a novel role for
TFAM in facilitating strand scission at AP sites, which may aid in
the degradation of damaged DNA molecules. Research to vali-
date such a role in human cells is currently ongoing. Meanwhile,
two recent papers have reported the importance of several en-
zymes in linear mtDNA degradation, including DNA polymerase v,
helicase TWINKLE, and exonuclease MGMEI1 (64, 65). Whether
TFAM-mediated AP-DNA degradation complements the re-
moval of linear mtDNA by these enzymes warrants further
investigation.

Implications of the Role of TFAM in DNA Repair. A model in which
the association of TFAM with DNA inhibits BER activities was
proposed earlier based on in vitro inhibition of several BER
enzymes in the presence of TFAM (66). The authors also spec-
ulated that TFAM might not inhibit DNA repair in vivo (66).
Our observation that TFAM promotes strand cleavage at AP
sites suggests an active role of TFAM in processing ubiquitous
AP sites, which may account for the rapid DNA depletion
resulting from mitochondrial AP sites (36). Such strand cleavage
activity may also act redundantly with APE1 or bifunctional
glycosylases in their strand-scission activities. Three key factors
are likely to play a vital role in determining the equilibrium be-
tween DNA packaging and repair. First, the regulation of TFAM
copy number by Lon protease (67) may create DNA-binding
sites for other repair enzymes. Second, the posttranslational
modifications of TFAM can modulate its DNA-binding activity
(68, 69), which may allow the access of repair enzymes. Third,
potential protein—protein interactions between TFAM and other
repair enzymes, which remain poorly understood, may also reg-
ulate DNA repair pathways.

In summary, although mtDNA degradation has been recog-
nized as a pivotal mechanism for mitochondrial genome main-
tenance, the chemical and molecular mechanisms of the process
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remain enigmatic. Our finding documents an emerging role of
TFAM in the degradation of damaged mtDNA molecules, and
provides a biochemical foundation for further exploring the role
of TFAM in mtDNA turnover.

Materials and Methods

Materials. Commercial chemicals were from Sigma-Aldrich or Research
Products International, and were of the highest quality available. Escherichia
coli BL21 (DE3) competent cells and uracil DNA glycosylase (UDG) were from
New England Biolabs. The pET28a vector expressing the mature form of full-
length human TFAM (amino acids 43 to 246) was a kind gift from David
Chan, California Institute of Technology, Pasadena, CA. Oligodeoxynucleotides
were synthesized and HPLC-purified by Integrated DNA Technologies.

Electrophoretic Mobility-Shift Assays. Six-microliter solutions containing
20 mM Hepes (pH 7.4), 90 mM NacCl, 20 mM EDTA, 4 uM dsDNA, and varying
concentrations of TFAM were assembled on ice and allowed to equilibrate at
room temperature for 1 h. The solution was mixed with 0.6 pL of 10x
loading buffer (40% glycerol with bromophenol blue and xylene-cyanol).
Electrophoresis was performed on a 6% native polyacrylamide gel at 100
V and 4 °C. The gel image was acquired on a Typhoon FLA7000 (GE
Healthcare) imager followed by quantification using ImageQuant software.
Data were analyzed using GraphPad Prism v6.0.

Preparation of AP-DNA. AP lesion-containing DNA was prepared from a site-
specifically modified oligodeoxynucleotide containing a deoxyuridine resi-
due. The dU residues were converted to AP sites upon digestion with uracil-
DNA glycosylase (New England Biolabs). Briefly, for 6 h at 37 °C, 3 nmol of the
dU-containing oligomer was incubated with 6 units of UDG in a buffer
containing 20 mM Tris-HCI (pH 8.0 at 25 °C), 1 mM DTT, and 1 mM EDTA. The
completion of the reaction was confirmed by converting AP-DNA into single-
stranded breaks upon alkaline cleavage (0.1 M NaOH at 37 °C for 1 h) and
analyzing cleavage products by denaturing PAGE. The AP-DNA was purified
by phenol/chloroform extraction and stored at —80 °C. The AP-harboring
dsDNA substrates were prepared by annealing the AP-containing ssDNA
with a complementary strand at 65 °C for 15 min followed by slow cooling
overnight.

Reactions of TFAM with AP-DNA. AP-DNA was incubated with TFAM to
monitor the rates of strand scission and SSB and DPC formation. Reactions
contained 4 uM AP-DNA, 8 uM TFAM, 20 mM Hepes (pH 7.4), 90 mM Nadcl,
and 20 mM EDTA, with or without 25 mM NaBH3CN. Reactions were con-
ducted at 37 °C, with aliquots taken at varying times. The aliquots were
quenched by adding an equal volume of 0.2 M NaBH, and rapid cooling on
ice. The samples were stored at —80 °C before electrophoretic analysis. For
SDS-urea PAGE, the quenched reactions were mixed with a gel loading so-
lution containing 95% (vol/vol) formamide, 50 mM EDTA, and 1% SDS, and
analyzed on an 8- x 10-cm SDS-urea (7 M) PAGE (16%) gel. For denaturing
PAGE analysis, the quenched samples were digested with trypsin (5 mg/mL,
37 °C for 2 h), followed by mixing with a 1.5 volume of loading solution
containing 95% (vol/vol) formamide and 50 mM EDTA for electrophoresis
(18% polyacrylamide/bis-acrylamide [19:1], 7 M urea, 38 x 30 cm). The ap-
parent DNA disappearance rate was obtained by fitting the percent of intact
DNA to a single-exponential function.

Reactions of AP-DNA with Mitochondrial Extracts. Mitochondrial extracts were
prepared from 5 x 10° Hela cells using components from a mitochondrial
DNA isolation kit (BioVision). Briefly, cell pellets were suspended in a cytosol
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extraction buffer and incubated on ice for 10 min. Cells were lysed in an ice-
cold Dounce homogenizer (50 passes). The lysate was clarified by centrifu-
gation at 700 x g for 10 min at 4 °C. The supernatant containing intact
mitochondria was washed twice with a cytosol extraction buffer followed by
centrifugation at 10,000 x g for 30 min at 4 °C. The isolated mitochondria
were lysed with 30 pL of lysis buffer on ice for 10 min in the presence of
protease inhibitor mixture before flash-freezing with liquid nitrogen in
small aliquots. Mitochondrial extracts from HEK-293 cells were prepared
following the same procedure using 1 x 107 cells. Reactions of AP-DNA with
mitochondrial extracts contained 4 uM AP;s, 1.5 uL mitochondrial extracts,
25 mM NaBH3CN, 20 mM Hepes (pH 7.4), and 20 mM EDTA in the presence of
protease inhibitor mixture. The reaction mixture was incubated for 1 h at
37 °C, before quenching with 3 volumes of the stop solution containing
0.1 M NaBH,, 0.2% SDS, 0.15 M p-mercaptoethanol, and 90% formamide.
The quenched solution was denatured at 90 °C for 10 min followed by rapid
cooling on ice. Reaction products were analyzed on an SDS/PAGE gel (4 to
20%; Bio-Rad). Free and cross-linked TFAM were detected using Western
blotting analysis with a primary mouse anti-human TFAM antibody (Santa
Cruz Biotechnology) and a secondary HRP-conjugated goat anti-mouse 1gG
antibody (Novus Biologicals). Gel images were developed in Clarity Western
ECL Substrate (Bio-Rad) and obtained on a ChemiDoc Touch Imaging System
(Bio-Rad).

Reactions of AP-DNA with APE1. The AP lyase activity of APE1 in mitochondrial
extracts was assayed using a THF-containing DNA substrate (APs-THF; se-
quence shown in S/ Appendix, Table S1) (47, 66). Reactions contained 5 pM
AP;5-THF, 3 pL mitochondrial extracts, 0.2 mM EDTA, 20 mM Hepes (pH 7.4),
and 5 mM MgCl, in the presence of protease inhibitor mixture. Reactions
were allowed for 10 min at 37 °C and stopped by adding a 1.5 volume of
quench solution containing 90% (vol/vol) formamide, 50 mM EDTA, 0.2%
SDS, and 0.15 M p-mercaptoethanol. APE1-cleaved DNA products were ver-
ified by comparing products from reactions containing mitochondrial ex-
tracts with that of a similar reaction with recombinant APE1 (5 nM). To
examine the inhibitory effect of TFAM toward APE1 lyase activity, reactions
were performed using 1 pM AP;5-THF, 1 nM (or 10 or 100 nM) APE1, 20 mM
Hepes (pH 7.4), 90 mM NaCl, 100 pg/mL BSA, 0.25 mM EDTA, and 5 mM
MgCl, with varying concentrations of TFAM (0.1, 0.5, 0.7, 0.9, 1.1, 2.1, 2.7,
3.6, 4.8, 6.0, 8.0, or 10 pM). Reactions were quenched by mixing a 2-pL re-
action aliquot with 8 pL loading dye containing 50 mM EDTA and 90%
formamide followed by denaturing PAGE analysis. APE1 activity was defined
as the percentage of the cleaved DNA product (6 nt). Relative 1Cso was
obtained by fitting the data to the following equation using GraphPad
Prism v6.0.

_ (J/max _ymin)
Y =Ymin + 1 + 10 (logiCso—x)"

where x is the concentration of TFAM and y is the APE1 activity, as defined
by the percentage of cleaved product DNA relative to the sum intensity of
substrate and product.
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