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Figure 6. Ddk1 requires free ends for activity in vitro. (A) Wild-type or catalytically inactive (D251N K253A) Ddkl were incubated with linear
5'-labelled single-stranded 44DNA substrate or its circularized form. Indicated ratios of enzyme to substrate were analysed. Reactions were per-
formed in standard conditions using an optimal concentration of magnesium (5.12mM) or manganese (0.16 mM) and resolved by 12% denaturing
PAGE. The nature of the substrates was controlled using exonuclease Exo I (NEB) and endonuclease DNAse I (Roche). (B) Ddk1 activity tested
using 5'-labelled 4RNA-DNA-RNA substrate. To control the activity of DdkI, reactions with single-stranded 44DNA or 44RNA were performed.
Standard conditions were used. Products were resolved using 15% urea—PAGE. An RNA ladder and DNA ladder, as well as a reference RNA

fragment (20RNA), were also resolved. NP-no protein.

Ddkl seems not to be directly involved in mtDNA
maintenance.

We then examined whether Ddk1 can participate in the
metabolism of mitochondrial ssDNA, which would be in
agreement with the in vitro results showing that Ddk1 has
strongest activity towards ssDNA. Human mitochondria
contain 7S DNA, a fragment ~570-655 nucleotides in
length (65-68), of which pool potentially may exist as
ssDNA. Using Southern blotting to examine the levels
of 7S DNA (Figure 7C), we found that DDK]I silencing
leads to 7S DNA accumulation. Similar changes in 7S
DNA were observed in cells transfected with both
Ddk1-specific siRNAs (Figure 7C). In comparison with
untreated cells, the level of 7S DNA increased twice in
cells with depleted DDKI expression and remained
unaffected in cells transfected with control siRNA
(Figure 7C). The effect was observed 2 days after trans-
fection (Figure 7C) and was augmented by extended
silencing of DDKI (Figure 7C and Supplementary
Figure S7B). Moreover, Ddk1 depletion results in the ap-
pearance of a smear below 7S DNA (Figure 7C) that may

represent partially degraded 7S DNA molecules
accumulated in the absence of Ddkl1 nucleolytic activity.

To verify that the accumulation of 7S DNA on Ddkl
silencing is specifically caused by perturbation of Ddkl
function, we tested whether depletion of other mitochon-
drial DNAses might have a similar effect. We performed
single knockdown experiments of EXOG, FENI or DNA2
(two different siRNAs were used per gene) and double
knockdowns of each of those genes with DDK]
(Supplementary Figure S9). DDKI alone was silenced
for reference. Then, we measured the levels of 7S DNA
and mtDNA. None of the four genes had any effect on
mtDNA levels when silenced (Supplementary Figure S9B).
In agreement with the data presented above, knockdown
of Ddkl1 resulted in strong accumulation of 7S DNA
(Supplementary  Figure S9C). Among the other
investigated DNAse encoding genes, only silencing of
EXOG slightly increased the level of 7S DNA; however,
the effect was far less pronounced then for DDK/ silencing
(Supplementary Figure S9C). Silencing of FENI or DNA2
did not change the level of 7S DNA at all (Supplementary
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Figure 7. Silencing of Ddk1 increases the level of 7S DNA and has no substantial effect on mtDNA levels. DNA or RNA was isolated from HeLa
cells transfected with control siRNA or two different Ddk1-specific siRNAs and collected after 2 or 3 days. Graphs present the mean values obtained
in two independent experiments. Each experiment was performed in three technical repeats [three sets of cultures transfected (or not) at the same
time], and an equal number of cells from different repeats was mixed after collection. Error bars represent standard deviation. We did not observe
any effect on cell growth within the timeframe of the presented RINAi experiment. (A) Western blot analysis of Ddk1 level. Ponceau S staining of the
membrane was performed for standardization. (B and C) The level of mtDNA (B) and 7S DNA (C) was examined using Southern blots. The signal
arising from hybridization to the nuclear 28rDNA gene (nDNA) was used as a loading control. Differences are statistically insignificant (B) or
significant (C) [analysis of variance (ANOVA) test]. (C) P-values for samples collected 2 and 3 days after transfection are 0.0009 and 0.0001,
respectively (ANOVA test). Dashed line indicates probable degradation intermediates.

Figure S9C). Moreover, we also found that double deple- significance and specificity of Ddkl in 7S DNA
tions of the three DNAses with Ddk1 did not have any metabolism.

additive or synergistic effects on the level of 7S DNA or To see whether a cellular role played by Ddk1 is import-
mtDNA (Supplementary Figure S9). This emphasizes the ant for maintaining mitochondrial inner membrane
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potential (AWm) or mitochondrial biogenesis, we
studied the influence of DDKI silencing on A¥m mito-
chondrial potential and overall mitochondrial mass
using flow cytometry and found that none of the
investigated features were changed after Ddk1 depletion
(Supplementary Figure S10). Recently, synthesis of 7S
DNA was shown to vary during the cell cycle and occur
mainly in the S phase (69). Thus, it was possible that
accumulation of 7S DNA after DDK] silencing may not
be related to Ddkl function but instead results from cell
cycle perturbations. Therefore, we examined the cell cycle
profile of control and Ddk1-depleted cells. We found that
changes in the level of 7S DNA resulted from Ddk1 de-
pletion and were not caused by alterations in the cell cycle
(Supplementary Figure S11).

Overexpression of Ddk1 decreases 7S DNA levels

DDK] silencing resulted in accumulation of 7S DNA and
appearance of shorter DNA species that could represent
7S DNA degradation intermediates. We considered that if
these changes are related to Ddk1 function, we should see
a decrease of 7S DNA levels on Ddk1 overexpression. To
verify this possibility, we established a stable human 293

Hoechst MitoTracker Ddk1 - FLAG
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cell line that inducibly expresses C-terminal FLAG-tagged
Ddkl. In agreement with data obtained with HeLa cells,
we confirmed by immunofluorescence that induced
Ddk1-FLAG localizes to mitochondria (Figure 8A). We
next overexpressed Ddk1-FLAG and collected cells every
2 days to analyse the level of mtDNA and 7S DNA
(Figure 8C and D) while monitoring Ddk1-FLAG levels
by western blot, which showed that induction of exogen-
ous gene expression led to DdkI-FLAG overexpression
(Figure 8B). We also noticed weak DDKI-FLAG expres-
sion even in the absence of the inducer (Figure §B). In
addition to mtDNA and 7S DNA studies, we examined
the effect of Ddk1 overexpression on mitochondrial inner
membrane  potential and  mitochondrial  mass
(Supplementary Figure S10). As with Ddk1 silencing, we
observed no considerable changes in the mtDNA level
(Figure 8C), AW¥m, or the amount of mitochondria
(Supplementary Figure S10). Compared with the
parental cell line, lower 7S DNA levels were observed in
the transgenic uninduced cells (Figure 8D), which is likely
owing to leaky expression of DdkI-FLAG. Similar
leakage of exogenous genes in transgenic 293 T-REx
cells has also been observed by others (70). However,
the key result remains that Ddkl overexpression caused
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Figure 8. Overexpression of Ddkl decreases 7S DNA levels and has no substantial effect on mtDNA levels. (A) Subcellular localization of
Ddk1-FLAG in a stable inducible 293 cell line. Exogenous gene expression was induced for 24 h, and cells were subjected to immunofluorescence
staining and confocal microscopy. The same microscope settings were used for uninduced and induced cells. Mitochondria were labelled with
MitoTracker, and Ddk1-FLAG with primary mouse anti-FLAG antibodies followed by detection with secondary AlexaFluor 488 conjugated
antibodies. Nuclei were stained with Hoechst dye. The bar represents 10 um. (B) Western blot analysis of Ddk1-FLAG level in parental 293 or
transgenic cell lines. Expression of the DdkI-FLAG was induced for the indicated times. Samples from two independent induced cultures were
analysed. Ponceau S staining of the membrane was performed for standardization. (C and D) Analysis of mtDNA (C) and 7S DNA (D) levels in
parental 293 cells and their derivative that overexpresses (or not) Ddkl for the indicated time. Levels were examined using Southern blots. Graphs
present the mean values obtained in two independent experiments. Error bars represent standard deviation. The signal arising from hybridization to
the nuclear 28rDNA gene (nDNA) was used as a loading control. (C) Differences are not statistically significant (ANOVA test). (D) The P-values
obtained in an ANOVA test are indicated. ns, statistically insignificant; P > 0.05.
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Figure 9. Overexpression of inactive Ddkl affects 7S DNA levels. Analysis of 7S DNA levels in parental 293 cells and their derivatives
overexpressing wild-type or mutated (D251N K253A) Ddkl for the indicated times. Each cell line was cultured in the presence of tetracycline.
7S DNA levels were examined using Southern blots. Graph presents the mean values obtained in two independent experiments. Error bars represent
standard deviation. The signal arising from hybridization to the nuclear 28rDNA gene (nDNA) was used as a loading control. The P-values obtained

in the Student’s t-test are indicated. ns, statistically insignificant; P > 0.05.

further decreases in 7S DNA levels (Figure 8D). Overall,
these results support the conclusion that Ddk1 is necessary
for maintaining the proper level of 7S DNA, which is in
agreement with observed Ddkl in vitro activity. Ddkl
degrades DNA but has no activity towards RNA, which
is further manifested by the fact that neither Ddkl
silencing nor overexpression affected the level of tested
mtRNAs or induced the appearance of abnormal
mtRNAs (Supplementary Figure S12).

This raises the question of whether Ddkl nuclease
activity is directly involved in regulating 7S DNA. To
examine this issue, we established a stable 293 cell line
that inducibly expresses catalytically inactive Ddk1P>3!N-
K253A _FLAG. Such a fusion protein also localizes to
mitochondria (Supplementary Figure S13); however, its
overexpression leads to depletion of 7S DNA, similarly
to overexpression of its active counterpart (Figure 9),
indicating that the Ddkl nuclease activity may not be
directly required for controlling 7S DNA levels.

DISCUSSION

Although the human mitochondrial genome has been
investigated for several decades, the proteins responsible
for its replication and expression, especially nucleolytic
enzymes, are not fully described. For example, in vitro
experiments using mitochondrial lysates and radioactively
labelled substrates suggested the presence of unidentified
deoxyribonuclease/s in human mitochondria (23,71). We
describe here the identification of a new mitochondrial
processive deoxyribonuclease that we named Ddk1.

Some Ddk1 biochemical properties set it apart from
previously described human mitochondrial DNases. In
contrast to EXOG or EndoG, Ddkl is a strict sugar-
specific nuclease, as it had no activity towards RNA sub-
strates, regardless of their length and structure. Moreover,
neither Ddk1 depletion nor overexpression affected
mtRNA metabolism. This indicates that Ddkl is not
directly involved in mtRNA metabolism.

Ddk1 is unique among previously characterized human
mitochondrial DNases in that it is fully active at physio-
logical salt concentrations. Whereas EXOG, EndoG,
FENI1 and hDna2 are sensitive to monovalent cations
and have strongly reduced activity at NaCl concentrations
>50mM (72-77), Ddk1 exhibits a broad Na*/K ™" concen-
tration optimum with the highest activity at 125mM. The
reason for this discrepancy between these proteins is not
clear. But, for example, in the case of EndoG, it was sug-
gested that its low activity at physiological ionic strength
implies existence of additional co-activators (73). Thus, it
may mean that Ddk1 does not require such factors for its
maximal activity in vivo.

Noticeably, Ddkl preferentially degrades substrates
from the 3’ to 5 end. Such polarity was also detected
for human Dna2 (76), but it also has strong 5-3'
activity (76). In vivo, degradation of ssDNA in the 3'-5
direction may be required to process equilibrating flaps
(76) that can arise during the removal of RNA primers
from newly synthesized DNA strands, regardless of
whether they formed via strand-asynchronous or
strand-coupled mechanisms (5,58,78,79).

In addition to the sugar bond, the physical form of
substrates is also important for Ddkl activity. Whereas
EndoG, EXOG and Dna2 (25,80) cleave circular DNA
molecules, Ddkl has no such activity. However, Ddkl
can cleave substrates in an endonucleolytic manner
provided they have free ends. The linear chimeric sub-
strate composed of RNA-DNA-RNA was internally
cleaved within the DNA fragment, suggesting that, as
for Dna2 and FENI (81,82), Ddkl may use a tracking
mechanism where the enzyme binds the free end of the
substrate and moves along it until a hydrolysable
fragment is reached. Taken together, our results demon-
strate that Ddk1 differs in biochemical properties from
other human mitochondrial DNases, which may suggest
its involvement in different mtDNA-related transactions.

The monomeric form and some predicted structural
features of Ddkl distinguish it from evolutionarily
related exonucleases such as RecE, alkaline exonuclease
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and lambda exonuclease (83), which form funnel-shaped
multimers to direct dsSDNA recognition and consequently
perform ssDNA cleavage. Importantly, RecE, the closest
homologue having a known structure, carries several
features necessary for tetramerization and dsDNA
binding, which, according to our prediction, are not
present in Ddkl1. Specifically, Ddk1 lacks the extended
loop corresponding to RecE residues 665698, a long
C-terminal tail and the equivalents of critical residues
important for dsDNA binding (e.g. K704, R858 and
W859 in RecE). This observation is consistent with our
experimental results indicating that Ddk1 does not form
multimers and has much higher activity towards ssDNA.

An important structural feature of Ddkl-like proteins
that is also present in RecE, as well as alkaline and lambda
exonucleases, is a conserved loop corresponding to the
‘BC loop’ in RecE or ‘DE loop’ in lambda exonuclease,
which covers the active site and forms a narrow channel
for ssDNA (Figure 1). This channel is wide enough to
allow passage of one DNA strand, but not the entire
duplex or single-stranded circular DNA.

The yeast genome encodes a mitochondrialy localized
nuclease DEM1/EXOS5 that, as Ddk1, belongs to the PD-
(D/E)XK superfamily, and although a highly distant
relative in terms of sequence, exhibits similar catalytic
properties to Ddkl (36,48). EXOS5, which lacks RNase
activity, can degrade a RNA-DNA chimeric substrate
by sliding across RNA and cleaving within the DNA.
Like Ddkl, EXOS5 does not digest circular substrates,
but in contrast to Ddkl, it acts from the 5 to 3’ end
(48). The role of EXOS has not been fully elucidated but
has been shown to be essential for mitochondrial genome
maintenance, as its inactivation generates petites with
unstable mitochondrial genomes that continuously
undergo rearrangements (48). Thus, it was proposed that
EXOS5 may participate in replication and/or recombin-
ation of yeast mtDNA (48). In our experiments, we did
not see significant changes in mtDNA levels in response to
Ddkl1 depletion or overexpression. Therefore, it seems
that the enzyme is not essential for maintaining
mtDNA, and/or its depletion is compensated by the
activity of other proteins. The considerable similarity of
Ddkl to phage proteins suggests that the enzyme was
adapted for mitochondrial function at similar stages as
other phage-like mitochondrial proteins, that is, mtRNA
polymerase, mtDNA polymerase and replicative helicase
Twinkle. Those proteins are vital for maintaining
mtDNA.

Our results indicate that the function played by Ddkl1 is
necessary to maintain 7S DNA levels, which would be
consistent with its biochemical properties. The enzyme
preferentially degrades ssDNA and thus could target a
possible pool of single-stranded 7S DNA that is
unhybridized to mtDNA. Moreover, kinetic studies of
mtDNA replication intermediates showed a high
turnover rate of 7S DNA (26-28), implying the existence
of undescribed 7S DNA degradation factor(s). Therefore,
we assumed that 7S DNA could act as an in vivo substrate
of Ddkl1. However, we found that 7S DNA depletion is
caused by overexpression of wild-type Ddk1 and a cata-
Iytically inactive mutant alike, which argues this
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hypothesis and suggests that the amount of Ddk1 rather
than its activity is important in maintaining the levels of
7S DNA. This effect seems to be caused specifically
by overexpression of Ddkl and not just any protein,
as 7S DNA levels are unaffected by overexpression of
mitochondrially targeted EGFP, whereas EGFP-tagged
Ddk1 (wild-type or mutant) do cause 7S DNA depletion
(data not shown). Similar relationship between the level of
the 7S DNA and a protein was observed for TFAM (84), a
main component of mitochondrial nucleoid. Taken
together, these results suggest that Ddkl nuclease
activity may be involved in other unrevealed aspects of
mtDNA metabolism; however, the level of Ddk1 is neces-
sary for maintaining proper 7S DNA levels.

The existence of the D-loop and 7S DNA was described
a few decades ago, but the role of this structure still
remains unknown. Early studies led to precise mapping
of 7S DNA (78); however, its further functional studies
have been less successful. According to the strand-
displacement model of mtDNA replication, the 7S DNA
can be regarded as a product of preterminated synthesis of
the leading strand (78). It was postulated that regulation
of pretermination can play a primary role in controlling
the rate of mtDNA replication (85). However, owing to
the rapid turnover of 7S DNA, its involvement in mtDNA
replication is considered as unlikely (78). Moreover, it was
found that levels of 7S DNA and mtDNA are not depend-
ent on each other (69). Instead, it was proposed that
D-loop formation enables mtDNA to associate with
other entities or marks the non-coding regulatory region,
which helps to recruit proteins (78). Indeed, it was shown
that ATAD3p and POLG2, the accessory subunit of
mtDNA polymerase gamma, preferentially bind to
D-loop containing substrates in vitro (86,87). Both
proteins are necessary for formation and/or maintenance
of mtDNA multimers in vivo, the assembly of which
involves D-loop containing mtDNA fragments (86,87).
Silencing of POLG2 or its overexpression decreases the
level of 7S DNA (87), but the mechanism of this effect
and its functional consequences require further studies. It
was shown that POLG?2 takes part in mitochondrial
nucleoid maintenance; however, the role of 7S DNA in
this process remains to be investigated. Although RNAI-
mediated depletion of POLG2 increases the number of
nucleoids, overexpression of the protein has the opposite
effect (87), even though they have the same effect on the
level of 7S DNA. Moreover, it was reported that mito-
chondrial single-stranded binding protein plays an import-
ant role in 7S DNA maintenance. Knockdown of
mitochondrial single-stranded binding protein severely
reduces the synthesis of 7S DNA and has no effect on
the organization of mitochondrial nucleoids (88). Taken
together, studies of 7S DNA led to identification of some
protein factors, which are involved in its metabolism, but
the role of 7S DNA itself is still far from clear. An inter-
esting hypothesis, which needs to be experimentally
challenged, came from Antes e al. (69), who suggested
that degradation of 7S DNA may contribute to regulation
of the mitochondrial pool of dNTPs.

Even though elucidation of the exact in vivo function of
Ddk1 requires further study, our research adds another
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interesting and important player in mtDNA metabolism
and a potential candidate for disease-related genes, of
which many have been found in the PD-(D/E)XK super-
family (36).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Table 1, Supplementary Figures 1-13
and Supplementary Methods.
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