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THE ROLE OF MITOCHONDRIAL dNTP LEVELS IN CELLS WITH

REDUCED TK2 ACTIVITY

C. Desler, B. Munch-Petersen, and L. J. Rasmussen � Department of Life
Sciences and Chemistry, Roskilde University, Roskilde, Denmark

� Both the nuclear and mitochondrial DNA (mtDNA) depend on separate balanced pools of
dNTPs for correct function of DNA replication and repair of DNA damage. Import of dNTPs
from the cytosolic compartment to the mitochondria has been suggested to have the potential of
rectifying a mitochondrial dNTP imbalance. Reduced TK2 activity has been demonstrated to result
in mitochondrial dNTP imbalance and consequently mutations of mtDNA in non-dividing cells.
In this study, the consequences of a reduced thymidine kinase 2 (TK2) activity were measured in
proliferating HeLa cells, on both whole-cell as well as mitochondrial dNTP levels. With the exception
of increased mitochondrial dCTP level no significant difference was found in cells with reduced TK2
activity. Our results suggest that import of cytosolic dNTPs in mitochondria of proliferating cells can
compensate a TK2 induced imbalance of the mitochondrial dNTP pool.
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INTRODUCTION

Imbalanced levels of dNTP result in misincorporation of nucleotides
into the DNA, frameshift mutations and stalling of replication fork.[1–3]

Mitochondrial dNTP pool imbalance has been demonstrated to induce
deletions and depletions in mtDNA,[4] which may cause a number of mito-
chondrial related diseases such as mitochondrial neurogastrointestinal en-
cephalomyopathy (MNGIE) and mtDNA depletion syndrome (MDS).[4,5]

Among the possible mediators of a mtDNA imbalance are dysfunctions
of either of the mitochondrial deoxyribonucleoside kinases: thymidine
kinase 2 (TK2) or deoxyguanosine kinase (dGK).[1,6]

Recently, the importance of dNTPs from the cytosol to the mitochondria
has been demonstrated.[7] Once putative function of this transport is to
maintain the balance of the mitochondrial dNTP pool. In nondividing tissue
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though, loss of function mutations in either TK2 or dGK have been demon-
strated to result in a mitochondrial dNTP imbalance and the consequential
deletions and depletions of mtDNA,[1,6] indicating that import of dNTP to
the mitochondria is insufficient in these cells. The cytosolic dNTP levels in
proliferating cells are however approximately 10-fold higher compared to
the levels of nondividing cells.[8] The increased concentration of cytosolic
dNTP could allow a putative import of dNTP to the mitochondria from the
cytosol, which would contribute to the maintenance of the mitochondrial
dNTP balance in dividing cells.

In the present study, we have modelled a loss of function mutation in
TK2 by generating a cell line that can be induced to express lower levels
of TK2, and we have measured both the cytosolic and mitochondrial dNTP
levels in these proliferating cells.

MATERIALS AND METHODS

Transfection of conditional TK2 antisense plasmids: The doxycyline-
responsive (Tet-On) vector pTRE2 (Clontech, Medinova Scientific A/S,
Denmark) was used to construct a plasmid expressing the TK2 cDNA in
antisense orientation. HeLa cells were transfected with the plasmid using
Lipofectamine 2000 (Invitrogen, A/S, Denmark), according to manufac-
turer’s instructions. As selectable marker the plasmid has the puromycin
resistance gene and stable clones were selected by incubation in culture
medium containing 1 µg/ml puromycin for 10 days. Subsequently, the cells
where trypsinated and transferred to 24-well microtiter plates at a density
of 50 cells per well. The cells were further incubated 10 days in culture
medium without puromycin and finally 7 days in culture medium containing
1 µg/ml puromycin. At each treatment with puromycin, a control culture
containing HeLa Tet-On cells not transfected with plasmid, was grown at
similar conditions. Before the puromycin treatment was ended, it was made
sure that all cells in the control culture had succumbed to the treatment.

Thymidine kinase assay: The activity of TK2 was assayed by its unique
ability to phosphorylate thymine-β-D-arabinoside (Ara-T). TK2 phospho-
rylates AraT with 30–50% of its substrate specificity toward thymidine.[9]

Stably transfected HeLa cells was screened by growing cells for 1 week both
with and without doxycyline present the in growth media and comparing
the TK2 activity of the 2 as described in the following. Cells where lysed by
sonication and cell extracts were assayed by adding 15 µl cell extract to a
final volume of 50 µl reaction mixture containing: 50 mM Tris-HCl pH 7.5,
10 mM DTT, 2.5 mM ATP, 2.5 mM MgCl, 3 mg/ml BSA, 6 mM NaF, 0.5 mM
Chaps and 20 mM [3H] AraT (3 ci/mmol, Morevek Biochemicals, Inc.,
Brea, CA, USA). The mix was incubated at 37◦C, and 10 µl aliquots were
removed from the solution at 4, 8 12, and 16 minutes after reaction start, and
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spotted onto discs of Whatman DE81 filters. The filters were dried, washed
(3 × 10 minutes) with ammonium formate and 5 minutes with autoclaved
MilliQ water. Finally the filters were eluted in 500 µl of 0.1 M HCl and 0.2 M
KCl and the radioactivity quantified by scintillation counting.

dNTP determination: The whole-cell and mitochondrial dNTP levels
were measured using the method of Pontarin et al.[7] and Sherman and
Fyfe.[10]

Statistics: Single classification analysis of variance (ANOVA) was used to
test for differences in dNTP levels among the different cell lines. Assump-
tions of normality were checked by visual inspection prior to ANOVA. When
the ANOVA indicated significant differences, Tukeys honestly significant
method was used to test for differences between the dNTP pools of
individual cell lines.

RESULTS

Screening of HeLa cells expressing TK2 antisense RNA in the presence
of doxycycline revealed several clones with reduced TK2 activity. One clone
that showed approximately 47% reduction of whole-cell TK2 activity upon
treatment with doxycycline for a week was chosen for further analysis (data
not shown). This cell line was named HeLa TK2−.

The whole-cell dNTP levels were determined in HeLa TK2− cells grown
in the presence of doxycycline for a week, and compared with isogenic cells
grown in absence of doxycycline. As illustrated in Figure 1, the doxycycline
induced reduction of TK2 activity did not result in a significant difference
in dNTP levels compared to cells with a wild type TK2 activity. This indicates

FIGURE 1 The whole-cell levels of dNTP are measured for the dividing cell lines HeLa-TK2+ and HeLa-
TK2− (n = 12; error bars indicate SD).
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that reduced TK2 activity does not have an effect on the whole-cell dNTP
levels.

Similarly, when we determined the mitochondrial dNTP levels of cells
grown in the presence as well as the absence of doxycycline, the difference
in TK2 activity did not result in a significant difference in the mitochondrial
levels of dTTP, dATP and dGTP. The levels of dCTP were significantly higher
with an 1.4-fold increase in cells with a reduced TK2 activity (Tukey; n = 6;
p < 0.001) (Figure 2).

DISCUSSION

Even subtle impairments of the TK2 activity have been reported to have
an effect on the balance of the mitochondrial dNTP pool. A His-121 to
Asn substitution in human TK2 resulted in vitro in a normal activity with
dThd as substrate but a 70% reduced activity with dCyd.[11] Furthermore
nonreplicating fibroblast cell lines homozygous for the His-121 to Asn
TK2 mutation showed decreased levels of mitochondrial dNTP content
compared to control cell lines.[1] Our results indicate that a mitochondrial
dNTP imbalance is rectified in dividing cells by an import of dNTP from
the cytosolic pool. This confirms the initial theory of the potential of such a
transport brought forth by both Pontairn et al.[7] and Saada et al.[1]

The mitochondrial levels of dTTP, dATP, and dGTP are not altered by
a reduced activity of TK2. If the two salvage kinases TK2 and dGK were
the sole providers of mitochondrial dNTP, reduced levels of dCTP and
especially dTTP would be expected as a result of reduced TK2 activity. Since
no other mitochondrial mediators of dNTP synthesis have been identified,

FIGURE 2 The mitochondrial levels of dNTP are measured for the dividing cell lines HeLa-TK2+ and
HeLa-TK2− (n = 6; errorbars indicate SD).
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an import of dNTP is the most likely explanation for the normal levels of
dTTP, dATP, and dGTP observed in the TK2− cell line.

The significant increase of dCTP levels in response to a reduced TK2
activity is intriguing however the biological explanation and significance of
this remains unclear as TK2 also phosphorylates deoxycytidine.

A reduction of TK2 activity did not result in a significant difference
between the whole cell levels of dNTP from the levels in cells with wild type
TK2 activity. This indicates that the extra contribution needed to sustain
the mitochondrial dNTP levels are well within the capacity of the cytosolic
de novo and salvage synthesis of dNTP.

The rectifying effect of a dNTP import from the cytosol to the mi-
tochondria in dividing cells serves as an excellent explanation as to why
infants harbouring loss of function mutations in proteins governing the
mitochondrial dNTP balance, often escape related symptoms until reaching
a certain age. At this time many of the cells go into a nondividing state,
which results in a 10-fold decrease of the cytosolic dNTP levels. With the
decreased import of dNTP from the cytosol, the mitochondrial dNTP levels
become imbalanced resulting in accumulating deletions and depletion of
mtDNA giving rise to the symptoms of the patients.
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