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MOLECULAR MECHANISMS OF MITOCHONDRIAL DNA DEPLETION
DISEASES CAUSED BY DEFICIENCIES IN ENZYMES IN PURINE
AND PYRIMIDINE METABOLISM

Staffan Eriksson and Liya Wang

Department of Anatomy, Physiology & Biochemistry, Swedish University of Agricultural
Sciences, Uppsala, Sweden

o Mitochondrial DNA depletion syndrome (MDS), a reduction of mitochondrial DNA copy num-
ber; often affects muscle or liver. Mutations in enzymes of deoxyribonucleotide metabolism give MDS,
for example, the mitochondrial thymidine kinase 2 (TK2) and deoxyguanosine kinase (dGK) genes.
Sixteen TK2 and 22 dGK alterations are known. Their characteristics and symptoms are described.
Levels of five key deoxynucleotide metabolizing enzymes in mouse tissues were measured. TK2 and
dGK levels in muscles were 5- to 10-fold lower than other nonproliferating tissues and 100-fold
lower compared to spleen. Each type of tissue apparently relies on de novo and salvage synthesis of
DNA precursors to varying degrees.

Keywords Mitochondrial DNA depletion syndrome; thymidine kinase2; deoxyguano-
sine kinase; mtDNA synthesis

Mitochondria in mammalian cells contain multiple copies of a circular
DNA molecule of 16,569 bp coding for 13 polypeptides, which are com-
ponents of the oxidative phosphorylation complex. Mitochondrial DNA
(mtDNA) proliferation occurs in all cells in the body through out life. The
proteins responsible for mtDNA replication and maintenance are encoded
by nuclear genes and are imported into mitochondria. There are more than
200 nuclear gene products involved in this process and the roles of several
of these in human disease have in recent years been elucidated.!!=%

The first mitochondrial diseases described were caused by point muta-
tions, deletions and insertions in mtDNA and now more than 100 mutations
of this type are known and often affect tissues with high energy demands
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such as nerve cells, for example, Leber’s hereditary optic neuropathy or
muscles such as ocular myophaties as seen in Pearson syndrome.?!

A hallmark of mitochondrial diseases is the large interindividual and
tissue variability in onset and severity of symptoms. These occur when a
critical level is reached, usually 5-20% of normal mt function. One reason
for this heterogeneity is that cells in tissues have multiple mt genomes, and
therefore usually varying mixtures of mutant and wildtype mtDNA (hetero-
plasmy). The variable repair and recombination capacity of mtDNA in dif-
ferent tissues and situations, as well as the complex mechanisms involved mt
induced apoptosis, are also contributing factors.!!:?]

This review is focused on the molecular mechanisms of mitochon-
drial disorders where nuclear gene products engaged in mtDNA precursor
metabolism are involved. Several diseases of this type have been described
during the last eight years.!*75 The most prevalent molecular defect is a
general reduction of mtDNA copies (below 30%). This type of disease is
named mitochondrial DNA depletion syndrome (MDS) and affect mainly
muscles, liver, and brain.[!=4

The best described MDS is mitochondrial neurogastrointestinal en-
cephalomyopathy (MNGIE), which is caused by mutations in the thymidine
phosphorylase (TP) gene.!® TP catalyzes the reversible phosphorolysis of
thymidine (dThd) to thymine and 2-deoxyribose 1-phosphate and is primar-
ily a catabolic enzyme. The clinical features of MNGIE are gastrointestinal
dysmotitity, cachexia, ptosis and progressive external opthalomoplegia, pe-
ripheral neuropathy and biochemical signs of mitochondrial dysfunction.
MNGIE was the first clear link between pyrimidine metabolism and mito-
chondrial disease. The patho-physiological mechanism behind MNGIE is
that a lack of TP results in high blood dThd levels, which lead to increased
mitochondrial dTTP pools. This unbalanced mtDNA precursor level causes
defective mtDNA replication. %

CELLULAR AND mtDNA PRECURSOR METABOLISM

A summary of the major steps in DNA precursor synthesis is shown in
Figure 1. The salvage of extra-cellular nucleosides (NdR e.g dThd) via mem-
brane nucleoside transporters is followed by 5-phosphorylation in the cy-
tosol catalyzed by thymidine kinase 1 (TKI) or deoxycytidine kinase (dCK)
using nucleoside triphosphates as phosphate donors. Thereby, the deoxynu-
cleoside monophosphate (dANMP) products are trapped inside the cells and
this activation step is usually rate limiting. Subsequently dNMPs are further
phosphorylated by nucleoside monophosphate kinases (NMPKs), of which
there are four enzymes, specific for each base. The deoxynucleoside diphos-
phates produced are then phosphorylated by nucleoside diphosphate ki-
nase (NDPK) to the deoxynucleoside triphosphates (dNTPs) needed for
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FIGURE 1 Schematic representation of the major routes of DNA precursor metabolism. Abbreviations
are defined in the text.

the DNA polymerases in the nucleus. 5-nucleotidases (5'-NTs) are respon-
sible for the hydrolysis of (d)NMPs,!”8 thereby opposing the action of the
nucleoside kinases.

The major route of ANTP synthesis is via the de novo pathway where
ribonucleotide reductase (R1 and R2 [alternatively p53R2] subunits) re-
duces ribonucleoside diphosphates (NDPs) to form deoxyribonucleoside
diphosphates (ANDPs),[-1% which then are phosphorylated by NDPK to the
dNTPs (Figure 1). In mitochondria there is no clear cut evidence of de novo
synthesis of DNA precursors but there are two deoxynucleoside kinases,
thymidine kinase 2 (TK2) and deoxyguanosine kinase (dGK), that can phos-
phorylate dThd and dCyd, and dGuo and dAdo, respectively. The dANMPK
products are then supposedly activated further in analogy with the cytoso-
lic reactions leading to dNTPs that can be utilized by mtDNA polymerase
(POLG) to synthesize mtDNA. A mitochondrial deoxynucleotide carrier has
been described but the nature of this protein is still not defined and al-
though there is evidence for nucleotide transport across the mitochondrial
membrane, its molecular characterization remains to be determined.!!!!

MECHANISMS OF MDS AND mtDNA METABOLISM

In addition to mtDNA depletion, large scale mtDNA deletions and point
mutations are associated with some mutations in the TP gene.[m Another
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disorder of this complex type is linked to mutations in the POLG gene,
which cause Alpers syndrome. This disease is one of the oldest pheno-
types associated with mitochondrial dysfunction and it is characterized by
epileptic seizures, psychomotor regression and liver disease.l'® A further
example of the variable and complex phenotypes associated with mutations
in mtDNA metabolizing enzymes, are some mutations in the POLG gene
which have been linked to MDS with no point mutations or deletions but
with a multitude of symptoms both from nerves, muscles, liver and other
tissues.l'* It is estimated that about 10% of the MDS patients are due to
POLG mutations.!*!

Mutations in the Succinyl CoA Synthase (SUCLA2) gene and the inner
membrane protein MPV gene have recently been linked to MDSH%1%1 and
constitute about 1% of the cases. Patients with SUCLA 2 mutation show
variable onset encephalomyopathy. It was suggested that the association ob-
served between SUCLA 2 and the mitochondrial NDPK enzyme may lead
to defects in mtDNA precursor synthesis when the former is mutated.[!%]
In case of MPV17 mutations, the clinical symptoms are liver failure and the
pathophysiological mechanism is still unknown.!®

P53R2 Mutations and MDS

Very recently mutations in the small subunit of the key de novo enzyme
ribonucleotide reductase e.g. the pb3-controlled R2 (p53R2), was shown to
be linked to MDS.!) The unexpected finding was that these mutations were
found in functionally conserved amino acids in p53R2 gene. The symptoms
were early onset hypotonia, myopathy, lactic acidosis, and kidney disease.
There are two genes for R2 in mammalian cells; one expressed only in S
phase cells and the other one (p53R2), induced by tumor suppressor pro-
tein p53, is expressed constitutively in post mitotic tissues such as muscle.
The large subunit R1 is also found in this type of tissue but at reduced lev-
els (approximately 5%) compared to proliferating cells, and together with
p53R2 it can catalyze production of the DNA precursors needed for mtDNA
synthesis.[*1% The mutations in p53R2 contribute to approximately 2% of
the MDS cases.[*

TK2 and dGK Mutations and MDS

The two mitochondrial deoxynucleoside kinases, TK2 and dGK are
dimeric enzymes, which show about 30% sequence homology. They belong
to the same enzyme family as dCK and several other broadly specific de-
oxynucleoside kinases.!”) The three-dimensional structure of dGK is known
but that of TK2 is still not determined.[”"!”? Exon 1 of both TK2 and dGK
contains a mitochondrial targeting signal sequence but there are different
forms of TK2 N-terminal sequences reported.® 13! Here the shorter version
of mitochondrial signal sequence (33 amino acids) is used in the numbering
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of the TK2 residues, since it has been shown to be sufficient for mitochon-
drial import in vitro.2%]

The substrate specificities of the two mitochondrial kinases are such that
TK2 can most efficiently phosphorylate dThd but dCyd is also well accepted.
dGK is most effective with dGuo but it can also phosphorylate dAdo. Thus,
TK2 and dGK can together provide all four dNMPs that after further phos-
phorylation give dNTPs for mtDNA replication. dTTP serves as an efficient
feed back inhibitor for TK2 and dGTP for dGK.!”! The essential role of both
TK2 and dGK were clearly demonstrated in 2001, where almost simultane-
ously mutations in the TK2 and dGK genes were shown to lead to MDS.[23:24]
In the case of TK2, this was associated with skeletal muscle defect, while
with dGK deficiency liver failure often combined with encephalopathy was
observed. About 1% of the MDS cases were caused by TK2 mutations and
10% with dGK mutations.*] Later studies revealed that in both cases some
mutations and combinations of mutations gave multiple organ symptoms
but one basic question that will be addressed here is the molecular basis for
the tissue specificity of the symptoms associated with defects in purine and
pyrimidine metabolism.

Since the initial studies of the Israeli families a number of new cases
have been reported and at present 16 point mutations, deletions and in-
sertions have been reported in the TK2 gene (Figure 2A), leading to in 20
patients predominantly muscle defects but also cases with various forms of
neuropathies.?!:?2) The onset of symptoms was at birth or at 2 years of age
and most patients died of respiratory failure at 1-3 years of age but some
survived more then 10 years. Ten patients were found to be compound het-
erozygotes and the mutations were fairly evenly distributed from exon 3 to
exon 10 (Figure 2A).

Position of premature stop 120 125 149 254
B
DyssY

M T Qp70R 255

M,V SsoF Laso

ML N4|GS RipK  EeqV Ep1GEpp7K PyyeH| LossR
L | | 1§
Position of premature stop 79 80 105 106 198 213 255

FIGURE 2 Distribution of the known mutations in the TK2 (A) and dGK (B) genes which caused MDS

(from references?1=291 and reference therein).
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Several of the point mutations in TK2 were reconstructed in vitro by
site-directed mutagenesis, expressed and characterized with regard to their
enzyme functions.[*2”] The 153M substitution is in the highly conserved
phosphate binding sequence and the corresponding recombinant protein
showed no detectable activity with dThd or dCyd. One patient with this mu-
tation showed onset at 1 month and died at 2 years of age, while another
showed onset at 15 month and was alive at the age of 2. The T108M mutant
TK2 showed 1.1% and 0.7% activity with dThd and dCyd, respectively, as
compared to wtTK2 and the three patients with this single mutation showed
onset at 12-16 months and died after 3-4 years. H121N mutant TK2 had
normal dThd activity and 70% reduced dCyd activity. One patient had this
single mutation while two patients were compound heterozygotes contain-
ing also the T108M substitution. These patients showed relative long survival
(approximately 4 years).

The R192K mutant TK2 showed 2% dThd and 4% dCyd activity com-
pared to wtTK2 and one heterozygote patient with R192K and T108M mu-
tations was alive at the age of 12 years. I212N mutant TK2 had a residual
dThd and dCyd activity of 0.7% and 0.01 %. These patients showed relative
shorter survival. Overall there was a tendency that if the reconstructed TK2
mutants showed some enzyme activity the disease developed slower.[2!:27]

Figure 2B shows the presently known 22 point mutations, deletions, and
insertions in the dGK gene. Of 12 patients characterized, 8 were compound
heterozygotes.?*28] The mutations were distributed in all exons but there
appeared to be an overrepresentation of point mutation and insertions in
exon 6 (Figure 2B). Residues S52 and E211 are involved in the binding of
phosphate donor and R142 interacts with the 5-OH group of the deoxynu-
cleoside substrates, while the rest of the mutations do not represent active
site residues.!”] Reconstructed dGK mutant enzymes demonstrated that the
C-terminal region of dGK was essential for activity, that is, truncations of 11,
18, and 23 amino acids from the C-terminal L277, representing part or the
entire a-helix 9, all showed less than 0.01% of wtdGK activity.

The R142K mutant dGK had <1% activity with dGuo and no detectable
activity with dAdo, L250S mutant dGK had <1% activity with both dGuo and
dAdo as compared with wt dGK, while E227K mutant dGK had about 3%
and 5% dGuo and dAdo activities compared to wtdGK, respectively.[%’?ﬂ In
most of these cases early onset and severe multiorgan disease was seen with
less than one year survival, however, in one case with compound heterozy-
gote R142K and E227K mutations the patient was subjected to liver trans-
plantation and was alive at 11 years of age.?=28) A recent case of a reversible
dGK deficiency causing MDS was observed in a child who was a compound
heterozygote for N46S and 1.266R point mutations.?”! Mitochondria from
this patient’s fibroblasts were analyzed and showed 25% and 9% residual ac-
tivity with dAdo and dGuo, respectively, and it was suggested that this could
play a crucial role in the phenotype reversal.
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Expression of TK2 AND dGK in Different Tissues and Tissue
Specific Variation in DNA Precursor Metabolism

The cytosolic and mitochondrial deoxynucleoside kinases (TK1, dCK,
TK2, and dGK) as well as 5’-(deoxy)nucleotidase (5-(d)NT) activities were
determined in whole cell extracts from mouse tissues, including different
skeletal muscles, testis, brain, adipose tissue, liver, spleen, kidney, lung, and
heart using selective enzyme assays (Table 1).[2% TK2 activity was very low in
all tissues, particularly in heart and skeletal muscle. Expression of TK1 ac-
tivity was also low in all tissues, except spleen where it was several orders of
magnitude higher. There was a significant correlation (rho 0.98 P = 0.01)
between the TKI and dCK activities. dGK activities were higher than any
of the other dNK activities in all tissues, except spleen and testis. The vari-
ations in 5-dNT activities, measured with dUMP as substrate, were about
10-fold and there was a correlation between these levels and those of TK1
and dCK (rho = 0.73, 0.78 and p = 0.03, 0.04, respectively). When the ratio
of the dNK and 5'-dNT activities was used to estimate the capacity of the tis-
sues to salvage deoxynucleosides, it was evident that muscle samples showed
5- to 10-fold lower levels compared to the other nonproliferating tissues and
100-fold lower compared to spleen. These results help explain the high sus-
ceptibility of muscle tissues to perturbations in mtDNA precursor synthesis,
but they also demonstrate that each major type of tissue has a different ca-
pacity and rate of dNTP metabolism both with regard to the de novo and
salvage pathways as well as the levels of catabolic and anabolic enzymes.

TABLE 1 Activity of cytosolic and mitochondrial deoxynucleoside kinases and 5'-nucleotidase in
extracts from mouse tissues

TK1 dCK TK2 dGK 5dNT
Liver 1.9 3.4 2.6 37.1 49
Lung 1.4 3.2 1.9 23.1 147
Kidney 2.1 3.1 3.1 36.6 160
Testis 6.4 10.7 4.6 8.1 42
Spleen 218 54.9 nd 22.2 504
Brain 4.8 9.2 8.2 15.9 160
Pancreas 1.3 2.9 1.3 7.8 157
Heart 0.8 1.0 1.0 20.2 70
Biceps 0.2 0.3 0.2 5.8 13
Vastus 0.1 0.1 0.5 5.1 10
Brown fat 1.9 3.5 3.9 23.4 145

Activities of deoxynucleoside kinases and 5'-nucleotidase in total tissue extracts from mice were mea-
sured and the results are from Rylova et al.®%] and are expressed in pmoles monophosphates formed
per mg wet tissue per minute and and for 5-dNT the results are in nmoles dUMP hydrolysed per min
and mg wet tissue. Values are the mean of duplicate measurements of tissue extracts from three separate
mice and the SD was <20%. nd, not determined.
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GENERAL CONCLUSIONS

The enzymology of DNA precursor metabolism is now relatively well es-
tablished but only in recent years has this basic knowledge been connected
with metabolic diseases and in particular with mitochondrial diseases such
as MDS. Characteristics for this type of disease are the large variations in
time of onset and severity of symptoms. The results summarized in this
review exemplified by many mutations in eight different DNA metabolic
enzymes demonstrate that both the salvage and de novo pathways for de-
oxynucleotide synthesis are required for mtDNA precursor synthesis in all
cells, including post mitotic tissues. The balance between the two anabolic
pathways as well as the catabolic pathways varies in different tissues and
metabolic situations as well as in individual patients. This may explain the
different symptoms, severity and time of onset of MDS caused by defects in
purine and pyrimidine enzymes.

REFERENCES

1. Moraes, C.T,; Shanske, S.; Tritschler, H.J.; Aprille, J.R.; Andreetta, F.; Bonilla, E.; Schon, E.A.; Di-
Mauro, S. mtDNA depletion with variable tissue expression: A novel genetic abnormality in mito-
chondrial diseases. Am. J. Hum. Genet. 1991, 48, 492-501.

2. DiMauro, S.; Schon, E.A. Mitochondrial respiratory-chain diseases. N. Engl. J. Med. 2003, 348, 2656—
2668.

3. Elpeleg, O. Inherited mitochondrial DNA depletion. Pediatr. Res. 2003, 54, 153-159.

4. Sarzi, E.; Bourdon, A.; Chretien, D.; Zarhrate, M.; Corcos, J.; Slama, A.; Cormier-Daire, V.; de Lonlay,
P.; Munnich, A.; Rotig, A. Mitochondrial DNA depletion is a prevalent cause of multiple respiratory
chain deficiency in childhood. J. Pediatr. 2007, 150, 531-534.

5. Nishino, I; Spinazzola, A.; Hirano, M. Thymidine phosphorylase gene mutations in MNGIE, a hu-
man mitochondrial disorder. Science 1999, 283, 689-692.

6. Pontarin, G.; Ferraro, P.; Hikansson, P.; Thelander, L.; Reichard, P.; Bianchi, V. p53R2-dependent
ribonucleotide reduction provides deoxyribonucleotides in quiescent human fibroblasts in the ab-
sence of induced DNA damage. J. Biol. Chem. 2007, 282, 16820-16828.

7. Eriksson, S.; Munch-Petersen, B.; Johansson, K.; Eklund, H. Structure and function of cellular de-
oxyribonucleoside kinases. Cell Mol. Life Sci. 2002, 59, 1327-1346.

8. Bianchi, V.; Spychala, J. Mammalian 5"-nucleotidases. J. Biol. Chem. 2003, 278, 46195-46198.

9. Bourdon, A.; Minai, L.; Serre, V,; Jais, ].P.; Sarzi, E.; Aubert, S.; Chretien, D.; de Lonlay, P.; Paquis-
Flucklinger, V.; Arakawa, H.; Nakamura, Y.; Munnich, A.; Rotig, A. Mutation of RRM2B, encoding
p53-controlled ribonucleotide reductase (p53R2), causes severe mitochondrial DNA depletion. Nat.
Genet. 2007, 39, 776-780.

10. Thelander L. Ribonucleotide reductase and mitochondrial DNA synthesis. Nat. Genet. 2007, 39,
703-704.

11. Lam, W,; Chen, C.; Ruan, S.; Leung, C.H.; Cheng, Y.C. Expression of deoxynucleotide carrier is not
associated with the mitochondrial DNA depletion caused by anti-HIV dideoxynucleoside analogs
and mitochondrial ANTP uptake. Mol. Pharmacol. 2005, 67, 408—416.

12, Nishigaki, Y.; Marti, R.; Copeland, W.C.; Hirano, M. Site-specific somatic mitochondrial DNA point
mutations in patients with thymidine phosphorylase deficiency. J. Clin. Invest. 2003, 111, 1913-1921.

13. Naviaux, R.K;; Nguyen, K.V. POLG mutations associated with Alpers syndrome and mitochondrial
DNA depletion. Ann. Neurol. 2005, 55, 706-712.

14. Nguyen, K.V,; Ostergaard, E.; Ravn, S.H.; Balslev, T.; Danielsen, E.R.; Vardag, A.; McKiernan, P.J.;
Gray, G.; Naviaux R.K. POLG mutations in Alpers syndrome. Neurology 2005, 65, 1493-1495.



19: 46 25 January 2011

Downl oaded At:

808

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

S. Eriksson and L. Wang

Elpeleg, O.; Miller, C.; Hershkovitz, E.; Bitner-Glindzicz, M.; Bondi-Rubinstein, G.; Rahman, S.; Pag-
namenta, A.; Eshhar, S.; Saada, A. Deficiency of the ADP-forming succinyl-CoA synthase activity is
associated with encephalomyopathy and mitochondrial DNA depletion. Am. J. Hum. Genet. 2005,
76, 1081-1086.

Spinazzola, A.; Viscomi, C.; Fernandez-Vizarra, E.; Carrara, F.; D’Adamo, P.; Calvo, S.; Marsano,
R.M.; Donnini, C.; Weiher, H.; Strisciuglio, P.; Parini, R.; Sarzi, E.; Chan, A.; DiMauro, S.; Rotig, A,;
Gasparini, P; Ferrero, I.; Mootha, V.K,; Tirant, V.; Zeviani, M. MPV17 encodes an inner mitochon-
drial membrane protein and is mutated in infantile hepatic mitochondrial DNA depletion. Nat.
Genet. 2006, 38, 570-575.

Johansson, K.; Ramaswamy, S.; Ljungcrantz, C.; Knecht, W.; Piskur, ].; Munch-Petersen, B.; Eriksson,
S.; Eklund, H. Structural basis for substrate specificities of cellular deoxyribonucleoside kinases.
Nat. Struct. Biol. 2001, 8, 616-620.

Johansson, M.; Karlsson, A. Cloning of the cDNA and chromosome localization of the gene for
human thymidine kinase 2. J. Biol. Chem. 1997, 272, 8454-8458.

Wang, L.; Munch-Petersen, B.; Herrstrom Sjoberg, A.; Hellman, U.; Bergman, T.; Jornvall, H.; Eriks-
son, S. Human thymidine kinase 2: molecular cloning and characterisation of the enzyme activity
with antiviral and cytostatic nucleoside substrates. FEBS Lett. 1999, 443, 170-174.

Wang, L.; Eriksson, S. Cloning and characterization of full-length mouse thymidine kinase 2: the
N-terminal sequence directs import of the precursor protein into mitochondria. Biochem. J. 2000,
351, 469-476.

Galbiati, S.; Bordoni, A.; Papadimitriou, D.; Toscano, A.; Rodolico, C.; Katsarou, E.; Sciacco, M.;
Garufi, A.; Prelle, A.; Aguennouz, M.; Bonsignore, M.; Crimi, M.; Martinuzzi, A.; Bresolin, N.; Pa-
padimitriou, A.; Comi G.P. New mutations in TK2 gene associated with mitochondrial DNA deple-
tion. Pediatr. Neurol. 2006, 34, 177-185.

Oskoui, M.; Davidzon, G.; Pascual, J.; Erazo, R.; Gurgel-Giannetti, J.; Krishna, S.; Bonilla, E.; De Vivo,
D.C.; Shanske, S.; DiMauro, S. Clinical spectrum of mitochondrial DNA depletion due to mutations
in the thymidine kinase 2 gene. Arch. Neurol. 2006, 63, 1122-1126.

Saada, A.; Shaag, A.; Mandel, H.; Nevo, Y.; Eriksson, S.; Elpeleg, O. Mutant mitochondrial thymidine
kinase in mitochondrial DNA depletion myopathy. Nat. Genet. 2001, 29, 342-344.

Mandel, H.; Szargel, R.; Labay, V.; Elpeleg, O.; Saada, A.; Shalata, A., Anbinder, Y.; Berkowitz, D.;
Hartman, C.; Barak, M.; Eriksson, S.; Cohen, N. The deoxyguanosine kinase gene is mutated in
individuals with depleted hepatocerebral mitochondrial DNA. Nat. Genet. 2001, 29, 337-341.
Wang, L.; Saada, A.; Eriksson S. Kinetic properties of mutant human thymidine kinase 2 suggest a
mechanism for mitochondrial DNA depletion myopathy. J. Biol. Chem. 2003, 278, 6963—6968.
Wang, L.; Eriksson, S. Mitochondrial deoxyguanosine kinase mutations and mitochondrial DNA
depletion syndrome. FEBS Lett. 2003, 554, 319-322.

Wang, L.; Limongelli, A.; Vila, M.R.; Carrara, F.; Zeviani, M.; Eriksson, S. Molecular insight into mi-
tochondrial DNA depletion syndrome in two patients with novel mutations in the deoxyguanosine
kinase and thymidine kinase 2 genes. Mol. Genet. Metab. 2005, 84, 75-82.

Freisinger, P.; Futterer, N.; Lankes, E.; Gempel, K.; Berger, T.M.; Spalinger, J.; Hoerbe, A.; Schwantes,
C.; Lindner, M.; Santer, R.; Burdelski, M.; Schaefer, H.; Setzer, B.; Walker, U.A.; Horvath, R. Hep-
atocerebral mitochondrial DNA depletion syndrome caused by deoxyguanosine kinase (DGUOK)
mutations Arch. Neurol. 2006, 63, 1129-1134.

Mousson de Camaret, B.; Taanman, J.W.; Padet, S.; Chassagne, M.; Mayencon, M.; Clerc-Renaud,
P.; Mandon, G.; Zabot, M.T.; Lachaux, A.; Bozon, D. Kinetic properties of mutant deoxyguanosine
kinase in a case of reversible hepatic mtDNA depletion. Biochem. J. 2007, 402, 377-385.

Rylova, S.N.; Mirzaee, S.; Albertioni, F.; Eriksson, S. Expression of deoxynucleoside kinases and 5'-
nucleotidases in mouse tissues: Implications for mitochondrial toxicity. Biochem. Pharmacol. 2007,
74, 169-175.



