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Abstract

Mitochondrial deoxyguanosine kinase (dGK) and thymidine kinase (TK2) are responsible for the
phosphorylation of deoxyribonucleosides, thus providing DNA precursors for mitochondrial
DNA synthesis. Bovine dGK was purified 20,000-fold to apparent homo-geneity. The purified
dGK was capable of phosphorylating all the natural occurring purine deoxyribonucleosides, and a
number of clinically important anticancer nucleoside analogs, e. g. CdA (2-chloro-2'-deoxy-
adenosine) and araG (9-B-D-arabinofuranosylguanine). A selective assay method for dGK determi-
nation was developed by using araG as substrate.

dGK activity levels were elevated in certain brain tumors which may have implications for
future anticancer chemotherapy.

Amino aicd sequence information from purified bovine dGK was used in RT-PCR to amplify a
dGK cDNA fragment. The entire dGK cDNA was subsequently cloned from a human brain cDNA
library, and it encoded a 30 kDa protein. The peptide sequences from purified bovine dGK were
identified in the deduced amino acid sequence and when expressed in E. coli. the recombinant
protein catalysed efficient phosphorylation of dGuo, araG, CdA and dIno similar to purified
bovine dGK. Northern blot analysis demonstrated one dominant transcript of 1.35 kb which was
found in all tissues at similar levels.

A similar approach was used to clone the cDNA for TK2. A TK2 cDNA was cloned from a
human brain cDNA library and RACE PCR was used to amplify the cDNA ends from human brain
mRNA. All the peptide sequences were found in the deduced amino aicd sequence. Expression of N-
terminal truncated TK2 in E. coli yieled a fully active TK2 protein of 25.5 kDa which showed
enzymatic properties identical to the purified human and bovine proteins. Northern blot analysis
using coding sequence of TK2 cDNA demonstrated several mRNAs, the major ones were 2.2 and
4.0 kb and they were found in most tissues at similar levels.

Both dGK and TK2 cDNA sequences show great similarities to the cytosolic deoxycytidine kinase
sequence, about 40% at the amino acid level, suggesting that they are evolutionary related and
thus established a new enzyme family of mammalian deoxynucleoside kinases.
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Abstract

Wang L., 1997. Mitochondrial Deoxyribonucleoside Salvage Enzymes: Cloning and
Characterization of Deoxyguanosine Kinase and Thymidine Kinase. Doctor's dissertation.
ISSN 1401-6257, ISBN 91-576-5235-X.

Mitochondrial deoxyguanosine kinase (dGK) and thymidine kinase (TK2) are responsible
for the phosphorylation of deoxyribonucleosides, thus providing DNA precursors for
mitochondrial DNA synthesis. Bovine dGK was purified 20,000-fold to apparent homo-
geneity. The purified dGK was capable of phosphorylating all the natural occurring purine
deoxyribonucleosides, and a number of clinically important anticancer nucleoside analogs,
e.g. CdA (2-chloro-2'-deoxyadenosine) and araG (9-8-D-arabinofuranosylguanine). A
selective assay method for dGK determination was developed by using araG as substrate.

dGK activity levels were elevated in certain brain tumors which may have implications for
future anticancer chemotherapy.

Amino aicd sequence information from purified bovine dGK was used in RT-PCR to
amplify a dGK cDNA fragment. The entire dGK cDNA was subsequently cloned from a
human brain cDNA library, and it encoded a 30 kDa protein. The peptide sequences from
purified bovine dGK were identified in the deduced amino acid sequence and when
expressed in E. coli. the recombinant protein catalysed efficient phosphorylation of dGuo,
araG, CdA and dIno similar to purified bovine dGK. Northern blot analysis demonstrated
one dominant transcript of 1.35 kb which was found in all tissues at similar levels.

A similar approach was used to clone the cDNA for TK2. A TK2 ¢cDNA was cloned from
a huamn brain ¢cDNA library and RACE PCR was used to amplify the cDNA ends from
human brain mRNA. All the peptide sequences were found in the deduced amino aicd
sequence. Expression of N-terminal truncated TK2 in E. coli yieled a fully active TK2
protein of 25.5 kDa which showed enzymatic properties identical to the purified human
and bovine proteins. Northern blot analysis using coding sequence of TK2 cDNA
demonstrated several mRNAs, the major ones were 2.2 and 4.0 kb and they were found in
most tissues at similar levels.

Both dGK and TK2 cDNA sequences show great similarities to the cytosolic
deoxycytidine kinase sequence, about 40% at the amino acid level, suggesting that they
are evolutionary related and thus established a new enzyme family of mammalian
deoxynucleoside kinases.

Keywords: mitochondrial DNA precursor synthesis, deoxyguanosine kinase, mitochondrial
thymidine kinase, deoxycytidine kinase, herpes virus thymidine kinase, chemotherapy,
nucleoside analogs, araG (9-B-D-arabinofuranosylguanine), CdA (2-chloro-2'-deoxy-
adenosine), cDNA, sequence motifs.
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Abbreviations

The following abbreviations are used in the text.

Enzymes:

dGK Mitochondrial deoxyguanosine kinase
TK2 Mitochondrial thymidine kinase

dCK Cytosolic deoxycytidine kinase

TK1 Cytosolic thymidine kinase

HSV TK Herpes virus thymidine kinase

AK Adenosine kinase

5-NT 5'-nucleotidase

PNP Purine nucleoside phosphorylase
ADA Adenosine deaminase

(Deoxy)ribonucleosides and (deoxy)ribonucleotides and analogs

dAdo, dAMP, dADP, and dATP Deoxyadenosine, mono-, di-, and triphosphate
dGuo, dGMP, dGDP, and dGTP  Deoxyguanosine, mono-, di-, and triphosphate
dCyd, dCMP, dCDP, and dCTP  Deoxycytidine, mono-, di-, and triphosphate
Thd, dTMP, dTDP, and dTTP Deoxythymidine, mono-, di-, and triphosphate
dUrd, dUMP, dUDP, and dUTP Deoxyuridine, mono-, di-, and triphosphate

dIno, dIMP Deoxyinosine, monophosphate
Ado, AMP, ADP, ATP Adenosine, mono-, di-, and triphosphate
CTP Cytosine triphosphate

UTP Uridine triphophate

GTP Guanosine triphosphate

ddl 2',3'-dideoxyinosine

ddA 2',3'-dideoxyadenosine

AZT 3'-azido-2'-deoxythymidine

FdUrd 5-fluoro-2'deoxyuridine

CdA 2-chloro-2'-deoxyadenosine

araG 9-B-D-arabinofuranosyl guanine

araA 9-B-D-arabinofuranosyl adenine

araC 9-B-D-arabinofuranosyl cytosine

araT 9-B-D-arabinofuranosyl thymine

araU 9-B-D-arabinofuranosyl uracil

araHx 9-B-D-arabinofuranosyl hypoxanthine

BvdU 5-(2-bromovinyl)-2'-deoxyuridine

ACV acyclovir, 9-(2-hydroxyethoxymethyl)guanine

GCV gancilovir, 9-(1,3-dihydroxy-2-propoxymehty)guanine
FIAU 1-(2'-deoxy-2'-fluoro- 1-B-D-arabinofuranosyl)-5-iodouracil
ORF open reading frame

bp base pairs

kb kilo base pairs
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General introduction

This thesis is mainly focused on the enzymes involved in the DNA precursors
metabolism, particularly the mitochondrial deoxyribonucleoside salvage
enzymes, i.e. mitochondrial thymidine kinase and mitochondrial
deoxyguanosine kinase. These two enzymes are at least in part responsible for
the supply of deoxyribonucleotides for mitochondrial DNA synthesis,
especially in non-proliferating cells which lack the de novo synthesis of
deoxynucleotides. They are also involved in activation of clinically used
nucleoside analogues, e.g. arabinosylguanine and 2-chloro-2'-deoxyadeno-
sine, and they contribute to their therapeutic effects as well as their toxic side
effects. Deoxyguanosine kinase may also play an important role in severe
combined immunodeficiency disease in man caused by purine nucleoside
phosphorylase deficiency. As a general background to this study a summary
of the properties and regulation of enzymes involved in the DNA precursor
metabolism will be presented.

DNA replication — mitochondrial DNA synthesis

In mammalian cells, DNA replicates at two locations: the nucleus and the
mitochondrion. Nuclear DNA replicates only during S phase before cells enter
mitosis. The event of nuclear DNA synthesis only occurs in proliferating cells
and not in resting or terminally differentiated cells. This is probably achieved
by regulation of the expression of key enzymes. For instance, DNA
polymerase a, a key DNA replicating enzyme, is located in the nucleus and its
expression is strictly cell cycle controled (Weissbach, 1977; Chang and
Bollum, 1972; Chiu and Baril, 1975). The synthesis of mitochondrial DNA
(mtDNA), on the other hand, is not co-ordinated to nuclear DNA synthesis.
Mitochondria is the energy-converting organelle in the cell. In man,
mitochondria contain multiple, closed-circular DNA molecules of 16569 bp.
The ratio of mitochondrial to cellular volume is constant, as is the number of
mitochondrial genoms (Shay er al., 1990). Generally there is about 2% of
total cellular DNA as mtDNA, while in the oocytes 50% of all DNA is mtDNA.
In most cells, mitochondria divides throughout interphase, out of phase with
either the division of the cells or with each other to meet the needs of cell
division and rapid mitochondrial turnover. Similarly, the replication of
mtDNA is not limited to S-phase, but occurs throughout the cell cycle (Heintz
and Stillman, 1988). Correlated with the expression of the enzyme responsible
for mtDNA synthesis, DNA polymerase gamma (pol ¥), which is encoded by a
nuclear gene, is constitutively expressed (Shioda, 1988). It is known that
disturbances of DNA precursor pool synthesis can be mutagenic. In man,
mutations in nuclear DNA (of functional genes) may lead to severe defects
and even to cell death, while mutations in mt DNA are most likely involved in
a wide spectrum of degenerative disorders (Wallace, 1992). The maintenance
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of sufficient DNA precursor pools is of importance to ensure the replication,
repair and expression of both the nuclear and the mitochondrial genome.

The synthesis of DNA precursors

The de novo pathway

In the de novo synthesis pathway, cells utilise small molecules such as CO2,
amino acids and vitamins to synthesize ribonucleotides (ribonucleoside mono-,
di- and triphosphate). Deoxyribonucleotides are formed by reduction of the
2’-hydroxyl group of the corresponding ribonucleoside diphosphate in a
reaction catalyzed by ribonucleotide reductase (EC 1.17.4.1). The de novo
pathway is under strict control by the allosteric regulation of ribonucleotide
reductase and by its cell cycle dependent expression (for review see Thelander
and Reichard, 1979; Reichard, 1988; Stubbe, 1990; Elledge et al., 1992;
Greenberg and Hilfinger, 1996). The active ribonucleotide reductase is
composed of two dissimilar subunits, R1, the large subunit containing two
allosteric sites, and R2, the small subunit containing the binuclear iron center
and a tryosyl free radical. The allosteric control is manifested by the
competitive binding of the end products, the dNTP’s, to the substrate
specificity site or the activity site on R1. The expression of this enzyme is also
tightly regulated. Interestingly, R1 and R2 proteins have different half lives. R1
has a half life of about 20 hr and it is present throughout the cell cycle in
proliferating cells (Engstrom et al., 1985) and the S-phase specific regulation
is due to the short half life (about 3 hr) of the R2 protein which is expressed
only during S phase (Eriksson et al., 1984). It is important to note that in
quiescent or terminally differentiated cells resting in Gg, mRNAs and the
protein levels of both R1 and R2 are not detectable (Bjorklund et al., 1990;
Hengstschliger et al., 1994a)

The salvage pathway

The salvage pathway is a complementary route to the de novo pathway which
provides cells with DNA precursors and also prevent waste of nucleosides. If
not phosphorylated these nucleosides will otherwise leak out from the cells
and be rapidly degraded. The uptake of deoxyribonucleosides from
extracelluler space, derived in vivo from nutrients or degraded DNA is a
process facilitated by nucleoside carrier proteins, present in almost all animal
cells (Plagemann er al., 1988). The transport process is believed to be the first
regulatory step in the salvage pathway. The next step is the phosphorylation of
deoxyribonucleosides to their corresponding monophosphate form and this
step is catalysed by deoxyribonucleoside kinases. This is usually the rate
limiting step in the salvage pathway. Deoxyribonucleoside monophosphates
will be further phosphorylated to their corresponding triphosphates by
nucleotide kinases, thus, completing the salvage cycle. The reuse of free
purine and pyrimidine bases is also part of the salvage pathway, but this field
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is beyond the scope of this thesis and will not be discussed further. Clinically
important nucleoside analogs such as araC (9-f-D-arabinofuranosylcytosine)
and araG (9-B-D-arabinofuranosylguanine) can also pass the cell membrane
passively due to a higher lipophilicity, but they need to be phosphorylated by
deoxyribonucleoside kinases, in order to be active (Plagemann and Woffendin,
1989).

In mammalian cells there are four deoxyribonucleoside kinases, namely
cytosolic deoxycytidine kinase (dCK), cytosolic thymidine kinase (TK1),
mitochondrial thymidine kinase (TK2) and mitochondrial deoxyguanosine
kinase (dGK). Adenosine kinase (AK) may also be considered as a member of
this family of enzymes since AK accepts deoxyadenosine as substrate
although with low efficiency. Cytosolic 5'-nucleotidases are enzymes that
dephosphorylates nucleoside monophosphates to their corresponding
nucleosides. However, one of the cytosolic 5'-nucleotidases has also the
capacity to phosphorylate nucleosides and nucleoside analogs, such as ddI
(Johnson and Fridland, 1989). However, this thesis will focus on the two
mitochondrial deoxyribonucleoside kinases: TK2 and dGK. The metabolic
pathways of the DNA precursors are schematically illustrated in Fig.1 and a
summary of the properties of the deoxyribonucleoside kinases are found in
Table 1 (page 30).
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Fig. 1. Simplified metabolic pathways of the DNA precursors. Selected enzymes of both
de novo and salvage pathways are shown. RR, ribonucleotide reductase; HGPRT,
hypoxanthine-guanine-phosphorylribosyl-transferase; PNP, purine nucleoside phosphory-
lase; 5'-NT, 5'-nucleotidase; Deoxyribonucleoside kinases are in bold letters. The uptake
of deoxynucleosides is a process facilitated by nucleoside carrier proteins.
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Distribution of dNTP pools

Generally, in proliferating cells deoxynucleotides are synthesised de novo in
the cytoplasm and then transported into the nucleus or mitochondria to be
used for DNA synthesis. Presumably there is a transport system for
deoxynucleotide passage from the cytoplasm into the mitochondrial matrix.
Studies of S. cerevisiae mitochondrial DNA polymerase indicated that high
dNTP concentrations stimulates the pol y activity and the dNTP concentrations
may be rate limiting for the replication of mtDNA (Lecrenier and Foury,
1995). Therefor, in S-phase cells there might be a higher mtDNA replicating
rate where the de novo synthesis is high than that in resting cells where the
intracellular ANTP levels are low. However, yeast cell mtDNA synthesis may
differ from that of mammalian cells since the dNTP supply for yeast mtDNA
synthesis appears to solely depend on the de novo synthesis because yeast cells
do not contain salvage enzymes. Constantly replicating mtDNA needs dNTP
pools irrespect of the cell cycle phase. Thus, the supply of DNA precursors for
mtDNA synthesis is differently regulated than that used for nuclear DNA
synthesis.

A study by Bogenhagen and Clayton (1976) suggested that there are distinct
regulatory mechanisms affecting the precursor pools for nuclear and
mitochondrial DNA synthesis, in other words mitochondria contain distinct
pools of DNA precursors, different from the pools for nuclear DNA synthesis.
This was later confirmed by Bestwick et al. (1982), who showed that after
treatment of cells by antimetabolites the four mitochondrial ANTP pools
actually expanded even though the total cellular pools of dTTP and dGTP
were severely depleted. Mitochondrial INTP pools are larger, in relation to the
mtDNA content as compared to the whole cell pools.

It is clear that deoxyribonucleotide pool imbalances may be mutagenic (Kunz,
1988; and Meuth, 1984, 1989) or lethal (Yoshioka et al., 1987), and together
with the enzymes of the de novo pathway, the enzymes of the salvage pathway
strive to maintain balanced dNTP pools. A study of thymidine kinase deficient
cells showed a decreased dTTP pool in the mutant cells as compared to wild
type cells and the mutant cells were hypersensitive to the cytotoxic and
mutagenic effects of DNA alkylating agents (Wakazono et al., 1996). Recent
studies demonstrated that interleukin-3 (IL-3) treatment of cells up-regulate
the salvage pathway of dNTP synthesis, particularly the thymidine kinase
activity. Apparently it is important to control cellular dNTP pools in
haemopoietic cells, since withdrawal of IL-3 leads to a rapid imbalance in
dNTP pools preceding DNA fragmentation and apoptosis (Oliver et al., 1996).
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Basic properties of the deoxyribonucleoside kinases

1. Cytosolic thymidine kinase

Thymidine kinase 1 is present in almost all types of organisms. The
expression of TKI1 is tightly regulated during the cell cycle, with
transcriptional, post-transcriptional, translational, as well as post-translational
regulatory mechanisms.

The gene of human TK1

The human TK1 gene was cloned and characterised more than ten years ago
(Bradshaw, 1983; Bradshaw and Deininger, 1984; Flemington et al., 1987).
TK1 cDNA is 1,421 base paris long and has an open reading frame of 702 bp
that encodes a protein of 25.5 kDa. The complete gene spans 12.9 kb with
seven exons (Fig. 2). Within the introns 13 repetitive sequences of the Alu
family are found. Thus, the human TK1 gene has one of the highest densities
of the Alu repeats in the human genome (Flemington et al., 1987). The TK1
gene has been localized to chromosome 17 (McDougall et al., 1973). The
homology of the TK1 cDNA sequence among different species is high, for
example, at the amino acid level there is 80% similarity between human and
mouse TK1.

Human TK1 gene regulation

The human TK1 gene and its promoter structure is shown in Fig. 2. The TK1
promoter consists of an A-T rich site (TATA box), two inverted CCAAT
boxes, multiple SP1 binding sites, an E2F binding site and a cycloheximide-
sensitivity response element (Kreidberg and Kelly, 1986; Flemington et al.,
1987; Xia et al., 1995).

In normal growing cells, both TK1 mRNA and protein rise near the G1/S
boundary, peak in early S phase, and decline in the G2 phase to the levels
observed in G1 (Wintersberger er al., 1992; Hengstschlidger et al., 1994a). In
general, the transcription factor E2F, which promotes expression of the S
phase regulated genes, as well as several other protein factors, have been
proposed to be essential for the G1/S regulation of the human TK gene (Ogris
et al., 1993; Anderson et al., 1996; Hengstschldger et al., 1996). A trans-
acting factor, CBP/tk (CCAAT binding protein for TK gene), binds to either
one of the two inverted CAATT boxes in the human TK1 gene promoter in a
cell cycle and age dependent manner. This factor might modulate the
expression of TK1 mRNA. (Chang and Cheng 1993; Pang and Chen, 1993).
There is evidence that transcriptional activation of the TK1 promoter is
differently regulated in normal and tumor cells. For example over expressed
cyclin A or E but not D may act as positive regulators in normal human
diploid IMR-90 fibroblasts but not in HeLa cells (Chang and Huang, 1996).
In primary cells, the expression of thymidine kinase activity and the mRNA
levels are strictly S phase specific. In contrast, DNA tumor virus-transformed
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Fig. 2. The structure of the human TK1 gene. The upper line depicts the human TK1
gene, black bars with number indicate the exons; The lower bar represents the 5'-upstream
sequence with the promoter elements indicated; +1 is the transcription initiation site.

cells have enhanced and constitutive levels of TK1 mRNA during the whole
cell cycle. Their TK1 protein abundance, however, still increases at the G1-S
transition and stay high throughout G2 until mitosis. Therefor, post-tran--
scriptional control must account for the decoupling of mRNA and protein
synthesis in G1. (Stewart et al., 1987; Chang, 1990; Gudas et al., 1993;
Mikulits and Mullner, 1994). The underlying mechanism was thought to be
dependent on the total amount of TK1 mRNA as suggested by Mikulits et al
(1996). A S phase specific activator of translation was not compatible with the
furhter rise of in mRNA but the exact nature of the regulatory process is not
yet known.

During mitosis, the abundance of TK1 polypeptide is rapidly decreased by
proteolysis indicating post-translational regulation of TK1 expression (Gudas
et al., 1993; Hengstschldger er al., 1994b). It was shown that the carboxyl-
terminal 40 amino acids of human TK1 were responsible for the M-phase
specific degradation of the TK1 polypeptide (Kauffman and Kelly, 1991).
The mutations in C-terminal part of the TK1, which abolished the specific
degradation at mitosis/G1, also allowed TK1 protein and activity to be
expressed in quiescent mouse cells transfected with human TK1 c¢cDNA
(Kauffman et al.,, 1991). The TK1 polypeptide was found to be phos-
phorylated in HeLa cells (Chang and Huang, 1993) and several other human
cell lines during M-phase (Chang et al., 1994). The phosphorylated TK1 in
HeLa cells had 10-fold lower affinity for its substrate. This decrease was
proposed to be a mechanism for cells to prevent unnecessary synthesis of
dTTP at the time of mitosis.

Properties of human thymidine kinase 1

Active human TK1 has a molecular mass ranging from 55 kDa to 110 kDa,
respectively, and a subunit molecular mass of 25.5 kDa. A dimer or a tetramer

is formed in the absence or presence of ATP, respectively (Munch-Petersen et
al., 1991, 1993).
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Purified human TK1 (Munch-Petersen et al., 1995a, 1995b) revealed an ATP
and enzyme concentration dependent activation phenomenon. When
thymidine was used as substrate, incubation with ATP at 4°C induces a
reversible, enzyme concentration-dependent, kinetically slow transition from a
low to a high affinity form. Recombinant human TK1, purified from E. coli
extracts, displayed only the high affinity form kinetics regardless of a pre-
exposure to ATP. TK1 purified from a patient with acute monocytic leukemia
was not activated by ATP. The explanation to these differences were probably
the absence of post-translational modifications in E. coli and altered post-
translational modifications in acute monocytic leukemia cells (Jensen and
Munch-Petersen, 1994). ATP as well as other nucleoside triphosphates can
serve as phosphate donors in the reaction, but dTTP or CTP can not.

In addition to the natural substrates, thymidine and deoxyuridine, TK1 also
phosphorylates a number of clinically important nucleoside analogues. For
instance the anti-HIV compounds, AZT and FLT (3'-fluoro-2',3'-deoxy-
thymidine) (Furman et al., 1986; Matthes et al., 1988). Among the 5-
substituted deoxyuridine analogues, 5-fluoro, 5-bromo, and S-ethyl analogs
were accepted but not analogs with bulkier substitutions, such as 5-propenyl,
5(2-chloroethyl) and 5-(2-bromovinyl) deoxyuridine derivatives (Eriksson et
al., 1991, 1995).

2. Deoxycytidine kinase

Deoxycytidine kinase is a cytosolic enzyme, that catalyses the phosphorylation
of deoxycytidine to deoxycytidine 5'-monophosphate using a nucleoside
triphosphate as phosphate donor. Unlike cytosolic thymidine kinase, dCK is
not cell cycle regulated, but consecutively expressed in many cells. Earlier
studies demonstrated a high dCK activity in resting lymphocytes and a modest
(2- to 3-fold ) increase of the activity after phytohemagglutinin stimulation.
The highest level of dCK was found in lymphoid tissues and the lowest in
nerve, liver and muscle tissues.

The gene for human deoxycytidine kinase

Human dCK cDNA was cloned and expressed 5 years ago (Chottiner et al.,
1991). The full length human dCK c¢cDNA was 2460 bp long, including a 780
bp ORF encoding a protein with a calculated molecular weight of 30.5 kDa. A
conserved nucleotide binding motif (aa 28-34) and a N-linked glycosylation
site (aa 148-150) were identified. The human dCK gene has been localized to
chromosome 4 band q13.3-q21.1 (Song et al., 1993; Stegmann et al., 1993).
The complete gene extends over more than 34 kb and is composed of 7 exons
ranging in size from 90 to 1544 bp. The second intron is large (>19 kb), and
may play a role in the tissue-specific expression of the gene (Song et al.,
1993). The mouse and rat dCK sequences show great similarities to the human
one and at the amino acids level they are 93.4% and 91.9% identical,
respectively (Karlsson et al., 1994; Stegmann et al., 1994). However, the
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mRNA transcripts from the Northern blot analysis showed differences in
length in case of these three species, 2.8 kb for human dCK, 3.4 kb for mouse
dCK and 4.2 kb for rat dCK.

Human deoxycytidine kinase gene regulation

The regulatory elements, found in the 5'-region of the human dCK gene
(Mitchell et al., 1993; Song et al., 1993; Chen et al., 1995), includes a 5'-GC
box, an E box, a 3'- GC box, and an E2F binding site. No CCAAT or TATA
boxes were found (Fig. 3). Studies of dCK promoter activity using
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—1—~ U1

+1 100 bp

—— ] —
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Fig. 3. Schematic presentation of the human dCK gene. A. The gene structure, exons are
indicated by black bars; B. The promoter structure, regulatory elements are indicated; +1
refers to the translation start site.

TE

T and B lymphoblast cell lines and nuclear extracts revealed that the
transcription factor Spl binds to both GC boxes, activating when bound at the
5' site but repressing when bound at the 3' site. Transcription factor E2F binds
weakly to the E2F sits in vitro and does not appear to mediate cell cycle
specific expression of the dCK gene. No significant differences were observed
in promoter activity or transcription factor binding between Jurkat T and Raji
B lymphoblasts. The conclusion was that the dCK gene is not cell cycle
regulated but is regulated by a number of ubiquitously expressed transcription
factors. This is in agreement with the study of dCK activity and mRNA levels
during the cell cycle, no variation of dCK activity was found during the cell
cycle of HL-60 cells and a steady state level of dCK was seen irrespective of
the cell cycle phase (Hengstschliger et al., 1994a). Obviously, this gene is not
a target for the regulation observed with S-phase related enzymes such as
TKI1.

Based on the differences of dCK mRNA and the activity seen in different cell
types a post-transcriptional regulatory mechanism was proposed
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(Hengstschlédger et al., 1993). In that study, four permanent cell lines were
used, the mRNA levels of all the four cell types never displayed any cell cycle
dependent changes, but in case of the dCK activities differences were found.
Two cell lines (3T6 mouse fibroblasts and human EBV-transformed
lymphocytes) did not display any cell cycle regulation of the dCK enzyme
activity, whereas in two other cell lines (HeLa cells and COP-8, polyoma-
transformed mouse fibroblasts) a 10- and 15-fold induction of dCK enzyme
activity at the G1/S boundary of the cell cycle was observed. The half life of
the dCK protein in 3T6 cells and EBV-transformed human lymphocytes was
longer than that observed in HeLa and COP-8 cells. Thus, the stabilities of the
dCK protein may be a regulatory factor in the cell specific expression of this
protein.

Properties of deoxycytidine kinase

Active human dCK has an apparent molecular weight of 60 kDa, i. e. a dimer
of two 30 kDa subunits (Bohman and Eriksson, 1988) in agreement with the
cloned human dCK ¢DNA (Chottiner et al., 1991). Bohman and Eriksson
(1988) did not find any dCK isoforms, in contrast to the mitochondrial and
cytosolic forms of dCK reported by Cheng (1977) and Wang et al. (1993).
The former type of dCK is most likely the mitochondrial thymidine kinase
(TK2) since it showed similar catalytic activity and substrate preference to that
of TK2. However, the subunit molecular mass of mtdCK (Wang et al., 1993)
was not in agreement with neither the cloned human dCK nor that of TK2.
The reason for this discrepancy is not clear.

Human dCK phosphorylates deoxycytidine, deoxyadenosine, deoxyguanosine
and their analogues with complex kinetics. The mechanism of the reaction was
determined to be a random Bi Bi , or an ordered sequential pathway by Kim
and Ives (1989) and Datta et al. (1989). It was later observed that UTP was a
better phosphate donor for dCK than ATP but less efficient than a mixture of
nucleoside triphosphates (White and Capizzi, 1991; Shewach ef al., 1992).
This result was confirmed by other studies, and it was concluded that the major
intracellular phosphate donor for dCK is not ATP, but most likely UTP
(Kraweic et al., 1995; Ruiz van Haperen et al., 1996).

It is clear that purine deoxyribonucleotides show higher Km and Vmax values
with dCK than that observed with deoxycytidine. In addition to the natural
substrates, dCK phosphorylates numerous analogs with both 2'- and 3'-
modifications, as well as acyclic sugars, provided that the base is cytosine with
minor substitutions at 5-position. However, 5-substitution with bulky group
were not acceptable (Eriksson et al., 1995). With uracil or thymine as base
dCK showed very low activity. No purine nucleosides with 3'-modification or
acyclic sugars were phosphorylated, but arabinofuranosyl nucleosides were
accepted as substrates for dCK (Eriksson et al., 1991, 1995).
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3. Mitochondrial thymidine kinase

Thymidine kinase 2 is a mitochondrial enzyme (Berk and Clayton, 1973)
which catalyses the transfer of a gamma phosphate group from ATP to the 5'-
hydroxyl group of deoxythymidine, the same substrate as for the cytosolic
thymidine kinase (TK1). However, these two thymidine kinases are different
proteins encoded by two separate genes. The level of TK2 is low as compared
to TK1 in proliferating cells, but it is significant in resting or terminal
differentiated cells where TK1 activity is undetectable. The expression of TK2
is most likely correlated to the mitochondrial content of the tissues but not to
the growth state of the cell. The human TK2 gene has been localised to
chromosome 16 by using mouse/human hybrid cell lines (Willecke et al.,
1977).

Properties of thymidine kinase 2

A homogenous preparation of TK2 from human leukemic spleen had a
subunit molecular mass of 29 kDa. The molecular weight of the active enzyme
was estimated to be 30 kDa (Munch-Petersen et al., 1991).

Human TK2 utilises thymidine, deoxycytidine and deoxyuridine as its
substrates but with different efficiency and kinetic mechanisms. TK2
phosphorylates thymidine with negative co-operativity, which means that the
affinity for the substrate decreased with increasing substrate concentrations.
The K values for thymidine was 16 uM at thymidine concentrations above 8
uM, and was 0.2-0.4 uM at thymidine concentration below 8 uM. The
phosphorylation of deoxycytidine and deoxyuridine showed normal
Michaelis-Menten mechanism with Ky, value of 36 uM and 6 pM,
respectively. Both dTTP and dCTP inhibit the enzyme and ATP and CTP can
be used as phosphate donors by TK2 (Munch-Petersen et al., 1991).

Thymidine analogs with modification on the sugar moiety such as 3'-azido-
2',3'-deoxythymidine (AZT), arabinofuranosyl thymine (ara-T), 3'-fluoro-
2',3'-deoxythymidine and ribothymine could be phosphorylated, but with low
efficiency. TK2 showed about 5-10 % of the activity with AZT as compared to
that with thymidine. A large number of deoxyuridine analogues can be
phosphorylated by TK2 including S-substitutions such as halogen, amino,
ethyl, and some bulky groups as well as arabinosyl uracil (Munch-Petersen et
al., 1991; Eriksson et al., 1991, 1995). The phosphorylation of FIAU by TK2
may in part explain the cytotoxic effect of this anti-hepatitis B compound
(Wang and Eriksson, 1996). Deoxycytidine analogues with S-substitution of
halogen, amino or even bulky groups, such as S5(2-chloroethyl), 5(2-
bromovinyl) showed activity with TK2 and modification of the sugar moiety
such as 2'-fluoro was also acceptable. Interestingly some of the S5-aryl
substituted deoxycytidine analogues were phosphorylated by TK2 but not by
dCK (Eriksson et al., 1995). Results from the study of the substrate properties
of TK2 with araT led to a selective assay method for TK2 measurement in
crude extracts (Arnér et al., 1992).
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4. Deoxyguanosine kinase

Mammalian deoxyguanosine kinase (dGK, NTP:deoxyguanosine 5'-
phosphotransferase, EC 2. 7. 1. 113) is a nuclear gene product, localised to the
mitochondria, catalysing the phosphorylation of purine deoxyribonucleosides
and their analogs, using a nucleoside triphosphate as phosphate donor. The
expression of dGK is not cell cycle regulated and the activity of dGK is found
in most tissues, including lymphoid tissues, spleen, skin, liver and brain,
although in most cases at a low level compared to cytosolic dCK (Yamada et
al.,1982; Sarup and Fridland, 1987; Park and Ives, 1988; Bohman and
Eriksson, 1990; Wang et al., 1993).

Properties of deoxyguanosine kinase

The active dGK protein is a dimer of two 28 kDa subunits. dGuo and dIno
were efficiently phosphorylated by dGK, but the specific activity of this
enzyme was low in all cases possibly because of inactivation of the enzyme
during purification (Park and Ives, 1988; Amér and Eriksson, 1995).

A random Bi Bi kinetic mechanism, which may include the formation of a
dead-end complex, was recently proposed for bovine dGK (Park and Ives,
1995). The nucleoside diphosphate product (ADP or dTDP) exhibited
competitive inhibition versus the phosphate donor (ATP or dTTP), but was
non-competitive towards the phosphate acceptor. The monophosphate product
(dGMP or dIMP) was competitive towards both the phosphate donor and the
phosphate acceptor. The end product dGTP behaved as a bisubstrate analog,
most likely interacting with its nucleoside moiety towards the dGuo site, and
the phosphate groups of dGTP interacting with the ATP binding site. This
result indicates that the binding of both phosphate donor and phosphate
acceptor occurs at adjacent sites (Park and Ives, 1995). This is most likely a
general mechanism for the feed back inhibition of deoxyribonucleoside
kinases.

5. Adenosine kinase

Adenosine kinase (AK, EC 2.7.1.20) catalyzes the phosphorylation of
adenosine to its 5'-monophosphate using a nucleoside triphosphate or a
nucleoside monophosphate as phosphate donor. This enzyme is abundant and
is widely distributed among many tissues. Adenosine is the natural substrate,
formed either by the dephosphorylation of AMP or the hydrolysis of S-
adenosylhomocystein. As one of the two principal enzymes of adenosine
metabolism in mammalian cells, adenosine kinase has a critical role in
regulation of cellular adenosine concentrations. This enzyme is also involved
in the activation of certain cytotoxic purine nucleoside analogs (Arch and
Newsholme, 1978).

The gene for adenosine kinase
The cDNA of human AK has been cloned recently (Spychala et al., 1996).
The full length cDNA is 1.8 kb long, including a 1035 bp ORF that encodes a
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protein of 345 amino acids with a calculated molecular weight of 38.7 kDa.
Two polyadenylation signals were found in the 3'-untranslated region of the
longest cloned sequence. The alternative usage of polyadenylation sites
resulted in two cDNA's with different lengths that match the RNA transcripts
seen in Northern blot analysis. The highest expression levels of AK mRNA
were found in placenta, liver, muscle and kidney. Heart and pancreas showed
intermediate levels. A relative low level of mRNA were found in brain and
lung. Alignment of the human AK sequence with the sequences from other
species revealed high homology to the chinese hamster, the rat, and the mouse
sequences, 91.6%, 90.1% and 86.7%, respectively (GeneBank accession
number U26588 (chinese hamster), U57042 (rat) and U26589 (mouse)).

There is no significant homology between AK and other nucleoside kinases,
including dCK and TK1, or with other adenosine or adenylate metabolic
enzymes such as adenosine deaminase, S-adenosylhomocyterine hydrolase, or
AMP deaminase. However, striking similarities were observed with a number
of plant and microbial sugar kinase. These results indicate that AK is
structurally distinct and belongs to an other enzyme family as compared to
deoxyribonucleoside kinase family (Gentry, 1992; Wang et al., 1996b;
Spychala et al., 1996).

Properties of adenosine kinase

Adenosine kinase has been purified from a number of sources, including
rabbit liver (Miller et al., 1979), human placenta (Andres et al., 1979), liver
(Yamada et al., 1981) and tumor cells (Schnebli et al., 1967), rat liver
(Ogasawara et al., 1979), heart (Fisher and Newsholme, 1984) and protozoan
parasite L. donovani (Datta et al., 1987). AKs purified from mammalian
source are similar, but differences among species were also observed (Yamada
et al., 1982).

Active human AK is a monomer of 37.25 kDa. The preferred phosphate
donors are ATP and GTP. Other nucleoside triphosphates, e.g. dATP, dGTP
can be used as phosphate donor but with lower efficiency. A divalent cation is
required for catalysis. Mg2+ is preferred but other cation such as Mn2+ and
Co2+ can also be used. High concentrations of adenosine, Mg2+ and ATP are
inhibitory for the mammalian enzymes.

The reaction mechanism was found to be of the ordered Bi Bi type where
adenosine is the first substrate to bind the enzyme, and AMP is the last product
to dissociate from the enzyme (Palella et al., 1980; Rotllan and Portugal,
1985; Hawkins and Bagnara, 1987). It was suggested that adenosine kinase has
at least two adenosine binding sites, one at the catalytic center and another
non-productive site at which binding of adenosine protects a thiol group
necessary for activity (Hawkins and Bagnara, 1987).

In addition to adenosine AK could also phosphorylate a number adenosine
analogues. The enzyme was relatively nonspecific with regard to the base
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moiety of ribonucleosides. The best substrates were adenosine analogs, such as
8-aza-adenosine, 2-chloroadenosine, toyocamycin, and sangivamycin. A
variety of other purine and purine ribonucleoside analogues were
phosphorylated but with decreased substrate efficiency. None of the
pyrimidine ribonucleosides tested were substrates or inhibitors. The enzyme
was relatively specific for the sugar moiety. 2'-deoxyadenosine (Kmy 250 uM)
and arabinosyladenine (1 mM) were poor substrates as compared to adenosine
(Miller er al., 1979). However, the relatively low level of phosphorylation of
dAdo and dAdo analogs by AK is still be significant in cellular metabolism,
since the AK levels are much higher than those of other purine
deoxyribonucleoside kinase such as dCK (Snyder and Lukey, 1982).

Except for the kinase activity described above, AK purified from rat liver was
found to catalyze the exchange reaction between adenosine and AMP in the
absence of ATP (Bontemps et al., 1993). ADP had a stimulatory effect on this
reaction (Mimouni et al., 1994). A variety of mononucleotides could also act
as phosphate donors (Sayos et al., 1994), and a number of purine nucleoside
analogs could be used as phosphate acceptors, for instance, 2',3'-
dideoxyguanosine (ddG) is phosphorylated by AK in duck hepatocytes in this
exchange reaction (Kitos and Tyrrell, 1995).

AK was found in roughly equivalent levels in human liver, kidney, pancreas
and cortex, but low in the lung (Snyder and Lukey, 1982).

6. Properties of herpes virus thymidine kinases

Most herpes viruses encode thymidine kinase genes which are considered to
be virulence factors. Herpesvirus TKs, like other TKs, catalyses the formation
of thymidylate from thymidine using a nucleoside triphosphate as phosphate
donor. Herpesvirus TKs, differ from cytosolic TKs but are relatively similar to
the mitochondrial TK (see section 3), can utilise a broad range of substrates in
addition to thymidine, including deoxycytidine and a large number of
nucleoside analogs such as the antiherpes compound acyclovir (ACV) and
ganciclovir (GCV). For example, HSV-1 TK has high affinity for thymidine
(Km 0.5 uM), whereas the K, values for ACV and GCV are much higher.
Both ATP and CTP can be used as phosphate donor, and HSV TKs are less
sensitive to feed back inhibition by dTTP. An ability that is unique to most
herpesviral TKs is the phosphorylation of nucleoside monophosphate to its
diphosphate form. This is a property which is essential for the sensitivity and
selectivity of several antiviral drugs. For example, herpes simplex virus type 1
(HSV-1) and varicella-zoster virus (VZV), which are sensitive to BvdU,
expressed TKs that phosphorylates this compound to both mono- and
diphosphate forms, whereas HSV-2, which is resistant to BvdU, expressed a TK
that phosphorylates BvdU to its monophosphate form only (Gentry, 1992).

28



Present investigation

The aim of the present investigation was to characterize the mitochondrial
deoxyguanosine kinase and mitochondrial thymidine kinase both at the
enzyme and gene level. In order to do that I decided to clone the cDNA of
these enzymes and express the proteins in E. coli.

Molecular characterization of mitochondrial deoxyguanosine
kinase (paper I, I1I)

The deoxyguanosine kinase protein

In order to clone the dGK gene the enzyme was purified from bovine tissues.
The level of dGK activity was measured in the crude extracts of human and
bovine tissues, including human brain, spleen, skin, and bovine brain. It was
found that brain contains 10-fold higher dGK activity than the other tissues.
Therefor, bovine brain was chosen as starting material for dGK purification.
By means of DEAE chromatography, hydroxylapatite chromatography and
dGMP-sepharose affinity chromatography, dGK was purified 20,000-fold to
apparent homogeneity. The native bovine dGK is a dimer with a molecular
weight of 56 kDa (subunit molecular mass of 28 kDa) as judged by
gelfiltration chromatography and SDS gel electrophoresis. This is the first
report of a purification and characterization of dGK from brain tissue.

Earlier published results from dGK preparations showed that dGK only
phosphorylated dGuo and dIno. In this work we clearly show that dGK is able
to phosphorylate all the three natural occurring purine deoxynucleosides,
dAdo, dGuo and dIno. The presence of ATP greatly stabilised the enzyme but
storage in phosphate buffers abolished the capacity of the enzyme to
phosphorylate dAdo and other purine nucleoside analogs.

dGK phosphorylates dGuo (Kpy 7.6 uM), dAdo (K 60 uM and Vipax 50%
of that of dGuo) and dIno. dCyd was shown to be phosphorylated by dGK at
high concentration (200 pM) (Paper III). However high concentration of
dCyd (1 mM) produced no inhibition of the phosphorylation of the other
dGK substrates.

In addition to the natural substrates, dGK phosphorylates a number of
nucleoside analogs, including araG (Km 8 UM and a Vipax 50% of that of
dGuo), CdA (Kmp 85 uM and a Vjpax similar to that of dGuo) and araHx (3-
fold better phosphorylation than dGuo). AraA, 7-deaza-2'-dAdo, several 2'-
modified Guo analogs and carbocyclic dGuo were also phosphorylated.
Several 3'-modified purine 2'-deoxyribonucleoside analogs were tested, but
none of them were phosphorylated; neither were the acyclic guanosine
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analogs nor 6-substituted arabinosyl nucleosides. This indicated that the 3'-
hydroxyl group of the deoxyribose moiety is a prerequisite for dGK activity
and it is probably involved in the binding of substrates.

CdA is clinically used in the treatment of leukemias. It is was generally
thought that dCK was the only enzyme responsible for its activation. However
the present work clearly shows that dGK phosphorylates CdA as well.

araG, a selective agent against T cell malignancies, is also a good substrate for
dGK. Earlier study showed that the level of PNP is similar in both T and B
cells, while the level of dGK is higher in T cell than in B cell. araG is
selectively toxic to T cells and this may be due to the accumulation of araGTP,
demonstrating a role for dGK in araG cytotoxicity.

In tissues that do not express dCK or express dCK at very low level, such as
brain, phosphorylation of CdA and araG by dGK is of importance for the
evaluation of the cytotoxic effects of these compounds.

The human deoxyguanosine kinase gene

The human dGK cDNA has been cloned recently by two groups (Paper III;
Johansson and Karlsson, 1996). The human dGK c¢cDNA consists of a 780 bp
ORF encoding 260 amino acids and both a 5'-and a 3'-untranslated region, in
the 3'-untranslated sequence a polyadenylation signal and a poly A tail was
found. Northern blot analysis showed a tissue specific pattern of expression of
dGK mRNA. There are apparently two transcripts of dGK expressed, a major
transcript (1.35 kb) and a minor transcript (1.0 kb). High levels of
transcription were found in testis, ovary, thymus, liver and brain and lower
levels were found in kidney, placenta, colon and peripheral blood leukocytes.
The shorter transcripts varies from tissue to tissue. In brain the 1.0 kb
transcript was barely detectable which may indicate that the functional
transcript would be the longer one since it correlates better to the levels of
dGK activity measured earlier. The deduce amino acids sequence of dGK
showed 46% identity to that of cytosolic dCK and 21.5% identity to the
sequence of mitochondrial thymidine kinase. The expression of dGK cDNA
in pET system yielded an active protein with identical catalytic activity to the
purified bovine dGK.

Alignment of the human dGK sequence with that of dGK subunit of the
heterodimeric dGK/dAK of Lactobacillus acidophilus R26 (Ma et al., 1995)
and dGK sequence of Mycoplasma genitalium (GeneBank accession no.
U39705) (Fig. 4), showed limited homology. The human enzyme has 12.9%
and 13.2% homology to the Lactobacillus and the Mycoplasma enzyme,
respectively. However, significant conservation of functional important
sequence motifs were identified. The ATP binding glycine loop, and the
D/ERS motif that presumably is the substrate binding site and as well as an
arginine rich motif were found. Site-directed mutagenesis of the Lactobacillus
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enzyme showed that D78E, D78A and D78N mutations of dGK subunit
yielded an inactive enzyme while a R79K mutant enzyme of dGK subunit had
altered kinetic behaviour (Hong et al., 1995). A more detailed discussion of
these result will be followed in the general discussion.

The translation initiation site differs in the two publications, but in both cases a
functional dGK protein could be expressed, which had similar catalytic activity
to that of the native enzyme. It is likely that the N-terminal sequence of the
dGK protein is part of the mitochondrial sorting signal. The presumed site for
mitochondrial internal peptidase cleavage were in both cases the same. A way
to determine the structure of the presequence is to define the gene promoter
sequence and identify the translation initiation site.

dGKhuman AKSPLEGESSSRGLHAGRGPRRLS@EG FVKL 40
dGKlacto. T------M-----c=cc----- SLTGI 20
dGKmyco. R LKKPH—FQPNKIANC TOIANT 33
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(glycine loop)
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dGKmyco. LIANHIQAAK[N]V C LETN -------------- ploJLVvE A 59
dGKhuman REARWS T - TFESFUSRILKVQLEPFPEKL[L[QARK 118
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dGKhuman PV QI FIE[R s|v]y]s bR SDIEWHI|Y(QDWIH[S F 158
dGKlacto.  _ _ Ny L [DRSTIYED|A PEEN[DT EL M 112
dGKmyco. --TIFDRSIIFEDIW ---NIFs NQILiw|NR 128
LR R SRR R R EEE]
(DRS motif)
dGKhuman WEFASRITLHG FIYAPQVC Y Q[R]A[R]E E[E]E 195
dGKlacto. MSELDRMPKN--DLHVSYDTM IQKR|GRIN Y|E|Q 150
dGkmyco.  [LJAK - -[EJL v NIKH 6 VIRIN[L]Y (V)T GDWKLFE FMRINRIK VIEIT 166

*hkhkk ok khkkhkkd kkh

(Arginine rich motif)

dGKhuman —-—GIEA—YLEQ GQHEA@LIHKTTKLHFEALMN 231
deKlacto. L SYDP TILIED|Y!Y K R|L|L YKP YAKY-—YSPKMTD 188
dGKmyco. DNFTKN-QLIYIFQN VIYSTGFMEAVCNDIFGINYCILIID 205

dGKhuman VLDVNDDFSET -DLMR[EIVNTFVKNL 261
dGKlacto. DFMASEEDRQIEV/LN[QIIVA MGEDPNLVKE 225
dGKmyco. PIVT------- I T1KIMlIJL E - LQlKLI-- --FI 228

Fig. 4. Alignment of dGK amino acid sequences of human, L. acidophilus R26 and
Mycoplasma genitalium. Identical residues are in boxes. Conserved sequence motifs are
marked with asterisk.

CdA and araG phosphorylation by dGK in crude extracts

of malignant human brain tissue (Paper II)

The extensive characterization of the substrate specificity of dGK enabled us
to develop a selective assay method for the measurement of the dGK activity
in crude extracts. dGuo, dAdo and dIno are the natural substrates for dGK.
However, the metabolic pathways for these deoxynucleosides are different.
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dGuo is the substrate for both dCK and dGK as well as for PNP. dAdo is the
substrate for both dCK and dGK. dIno and dAdo are also substrates for ADA.
In crude extracts where all these activities are present, nucleoside analogs that
are resistant to PNP or ADA and are specifically phosphorylated by dGK will
give the best estimation of the dGK enzyme level. Therefor, araG serves as the
most selective and specific substrate for dGK.

Both CdA and araG are clinically important nucleoside analogs. The use of
these compounds in the treatment of leukemia is well documented (Carson et
al., 1982; Saven et al., 1992). In normal brain tissue dCK activity is
undetectable, but the dGK activity is relatively high (Paper I). We wished to
determine the CdA and araG phosphorylation in extracts of malignant human
brain tumors and to establish the role of dCK and dGK in araG and CdA
activation. The results showed high levels of dGK in one extract from an
astrocytoma tumor and in two extracts from oligodendroglioma tumors, while
in the other extracts from the malignant tumors dGK activities were similar to
that in normal brain extracts. Most of the CdA phosphorylation observed was
due to the action of dCK, demonstrating an induction of dCK expression in
brain tumor cells. The results showed that brain tumor cells are able to
phosphorylate both CdA and araG, which may be important for the future use
of these analogs in chemotherapy.

Molecular characterization of mitochondrial thymidine kinase
(Paper 1V)

The gene for human thymidine kinase 2

The human TK2 gene has since long been localized to chromosome 16 by the
use of mouse/human hybrid cells (Willecke et al., 1977). The human TK2
cDNA was cloned by using amino acid sequence information from purified
human brain and bovine brain TK2. The cloned TK2 cDNA contains an open
reading frame of 699 bp, coding for 232 amino acids, and 1264 bp of 3'-
untranslated sequence including a polyadenylation signal followed by a polyA
tail. At present the very 5'- end of human TK2 cDNA has not been identified.
However an Alu repetitive sequence was found at the 3'-untranslated region as
well as in the 5'- region of one of the cDNA clones. The homology of the
TK2 sequence to TK1 is low, about 12% at the amino acid level, while the TK2
sequence shows 40% homology to dCK sequence and 29% homology to dGK
sequence. This TK2 sequence is the first report of the cloning of a
mitochondrial thymidine kinase gene.

The TK2 gene showed a complex transcription pattern as determined by
Northern blot analysis using TK2 cDNA as probe. Multiple transcripts exist in
most tissues with two major bands of 4.0 kb and 2.2 kb. In certain tissues there
is a longer transcript of about 5.0 kb and a shorter transcript of about 1.35
kb. The overall expression of human TK2 mRNA is highest in ovary, testis
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and liver and lowest in colon and peripheral blood leukocytes. The existence
of multiple transcripts of TK2 mRNA maybe due to the alternative usage of
an additional 3’-polyadenylation signal or to alternatively spliced forms of the
TK2 mRNA. The over all pattern of TK2 mRNA expression is in accordance
with the enzyme activity levels measured earlier (Arnér and Eriksson, 1995;
Munch-Petersen et al., 1991).

Characterization of human recombinant TK2

Recombinant human TK2 (N-terminal truncated), as well as the enzyme from
bovine brain, phosphorylates both thymidine and deoxycytidine, with
thymidine as a preferred substrate. Thymidine was phosphorylated with
negative cooperativity while deoxycytidine phosphorylation followed
Michaelis-Menten kinetics. Recombinant human TK2 showed similar capacity
to phosphorylate a number of pyrimidine nucleoside analogs. Pyrimidine
deoxynucleosides (Thd, dUrd and dCyd), pyrimidine arabinosides (araT, araU,
araC) and their analogs were phosphorylated. AraC was phosphorylated by
both bovine brain TK2 and recombinant human TK2, which differs from
earlier results with purified human TK2 (Munch-Petersen et al., 1991). The
results showed that recombinant TK2 have enzymatic properties identical to
that of purified bovine or human TK2.

An ATP induced TK2 subunit interaction was observed which needs to be
investigated further. The presence of N-terminal histidine tag does not affect
enzyme activity, but this his-tagged enzyme has a tendency to form large
protein aggregates.
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Conclusions

In the present investigation, bovine brain dGK and TK2 were purified to
apparent homogeneity. This was the basis of later studies of the substrate
specificity and kinetic properties of these enzymes and was also a prerequisite
for the molecular cloning of dGK and TK2 cDNAs. The cloning and
expression of both dGK and TK2 c¢DNA and partial characterization of the
recombinant enzymes are described. These results enable future detailed
characterization of the recombinant enzymes and may clarify their
physiological roles in the mtDNA precursor synthesis. Some general
conclusions from this thesis can be summarised as follows:

* dGK has a broad substrate specificity; phosphorylating all the natural
occurring purine deoxynucleosides and a number of nucleoside analogs,
including CdA and araG. This may have important implication for
chemotherapy of nucleoside analogs.

* dGK can be selectively measured in crude extracts using araG as substrate.

* dGK is constitutively expressed in all tissues and probably correlated to the
mitochondria content of the tissue.

* dGK levels are elevated in certain brain tumors and the CdA and araG
phosphorylation in brain tumors may be important in the treatment of brain
tumors with nucleoside analogs.

* dGK mRNA expression in different tissues correlates with the enzyme levels
in the same tissue.

* Purified recombinant dGK, expressed in E. coli have similar properties as the
native enzyme purified from tissues.

* the dGK cDNA sequence shows homology to the dCK, TK2 and HSV TK
sequence.

* TK2 mRNA showed complex pattern of expression, which appeared to
correlate with the enzyme activity levels.

* recombinant human TK2 protein expressed in E. coli shows identical
catalytic activity with that of earlier purified human TK2

¢ recombinant human TK2 can use araC as a substrate

e recombinant human TK2 shows subunits interaction as a result of the
presence of ATP.

» the TK2 cDNA sequence shows homology to the dCK, dGK and HSV TK
sequence.
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Table 1. Basic properties of the deoxynucleoside kinases

TK1 TK2 dCK dGK HSV-1TK AK
EC number EC 2.7.1.21 No separate EC ~ EC 2.7.1.74 EC 2.7.1.113 EC 2.7.1.21 EC 2.7.1.20
number
Gene Chromosome 17 Chromosome 16 Chromosome 4  Chromosomal Genome has been Chromosomal
cDNA cloned cDNA cloned cDNA cloned location n.d.* sequenced location n.d.
1983 1996 1991 cDNA cloned cDNA cloned
1996 1996
Protein 96-110 kDa 30 kDa monomer 60 kDa dimer 56 kDa dimer 80 kDa dimer 40 kDa monomer
tetramer or dimer 29 kDa 2 x 30 kDa 2 x 28 kDa 2 x 40.9 kDa 37.2 kDa
2-4 x 25.5 kDa
Substrate Thd, dUrd Thd, dUrd, dCyd  dCyd, dAdo, dGuo, dAdo, dIno Thd, dCyd Ado, dAdo
specificity AZT, FdUrd araT, araC dGuo araG, CdA ACV, GCV ddG, ribavirin
CdA, ddC, araC
Base: T, U (5- Base: T, U, C (5- Base: C (5- Base: A, G, Hx Base: T, U, C, G Base: A allow
substitutions) substitutions) halogen), A, G (2-halongen) Sugar: 2'-, 3'- substitutions
Sugar: 3'- Sugar: 2'-, 3'-, or  (2-chloro) Sugar: 2'- substitutions, Sugar: ribose
substitutions (H, arabinofuranosyl  Sugar: 2'-, 3'- substitutions, arabinofuranosyl, (deoxyribose and
halogen, N3) sugars. substitutions, arabinofuranosyl  acyclic sugar arabinofuranosyl
acyclic, didehydro sugars are poor
(with C as base) substrates)
Phosphate donors ATP ATP, CTP ATP, UTP ATP ATP, CTP ATP, AMP
Inhibitors dTTP dTTP, dCTP dCTP dGTP dTTP AMP, ADP
Cell cycle Strictly S phase  Constitutively Constitutively Constitutively Consitutively Constitutively
regulation correlated expressed expressed expressed expressed expressed

*n.d. not determined.



General discussions

The present investigation clarified the role of dGK in activation of certain
nucleoside analogs used in chemotherapy such as CdA and araG. The cloning
and expression of both dGK and TK2 cDNA established an enzyme family of
mammalian source that are structurally and functionally related. Based on the
sequence conservation of deoxyribonucleoside kinases and the 3-D structure
of HSV1 TK, structur function relationships of mammalian deoxyribo-
nucleoside kinases were identified. Knowledge of the properties and
regulation of these enzymes will be important for the understanding of the
cellular metabolism of DNA precursors and for the design of new drugs that
may have better effects and selectivity. Both dGK and TK2 are mitochondrial
proteins which are encoded by nuclear genes. The mitochondrial origin of
these two enzymes are discussed.

The role of deoxyribonucleoside kinases in chemotherapy

Cellular metabolism of DNA precursors

The properties of the cellular deoxyribonucleoside kinases and HSV TK are
summarised in Table 1.

As shown in Fig. 5, salvage of deoxynucleosides is co-ordinated by the
combination of phosphorylation and dephosphorylation of deoxynucleosides
catalysed by deoxyribo-nucleoside kinases and 5'-nucleotidases, respectively.
In the absence of de novo synthesis, deoxynucleotides for cellular DNA repair
and mtDNA synthesis probably arise via the salvage pathway. It has been
shown that survival of monocytes and macrophages depends on DNA repair.
dCTP formed via the salvage pathway play an important role in DNA repair
system in these cells. Monocytes and macrophages have very low dCTP pools
but relatively high dCK activities, exogenous deoxycytidine could therefor
partially protect monocytes from DNA replication inhibitors such as
aphidicolin (Terai et al., 1991).

At physiological thymidine concentration TK2 shows a high affinity towards
thymidine. However, if the thymidine concentration increases the affinity will
decrease, and high dTTP concentration will inhibit the enzyme which may
enable the cell to maintain a balanced dTTP pool.

In certain tissues such as brain and liver where cytosolic dCK activity is not
expressed or expressed at a very low level. dGK is the main purine
deoxynucleosides phosphorylating enzyme. Together with TK2, these two
enzymes would be able to provide cells with all deoxynucleotide pools needed
for mtDNA synthesis as well as for cellular DNA repair processes.

The level of dGK was shown to be significantly higher in T-cell than that in B-
cells while purine nucleoside phosphorylase (PNP) activity was similar in
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Fig.5. The salvage pathway for deoxynucleosides. The reversible transport of
deoxynucleosides (a) and the exchange of deoxynucleotides between mitochondria and
cytoplasm (b) is indicated by double arrow bar. Two steps of phosphorylation of
deoxyribonucleoside monophosphate to their corresponding triphosphates are simplified by
one arrow bar. The action of 5'-nucleotidase is not shown.

both cell types (Osborne and Scott, 1983). PNP deficiency is associated with
defective T-cell and normal B-cell immunity. One form of severe combined
immunodeficiency disease in man is associated with PNP deficiency. Increased
salvage of purine deoxyribonucleoside leading to the accumulation of toxic
levels of dGTP in lymphocytes is the assumed mechanism of the disease. The
survival of mutant mouse strain which lack PNP activity was found to be due
to a secondary loss of dGK activity (Snyder et al., 1994). The latter deficiency
most likely protected the PNP mutant mice from the toxicity of dGuo.

Adenosine is toxic to mammalian and bacterial cells; and its presence is
associated with inhibition of the immune response, coronary vasodilatation,
neurotransmission, and inhibition or stimulation of hormone secretion.
Adenosine kinase, together with adenosine deaminase (ADA) and 5'-
nucleotidase strive to keep balanced intracellular as well as extracellular
adenosine pools. Decreased levels of AK has been associated with resistance to
the antiproliferative effects of a number of adenosine analogs (Caldwell et al.,
1967), increased purine excretion (Chan et al., 1973) and primary gout
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(Nishizawa er al., 1976). In severe combined immunodeficiency syndrome
associated with ADA deficiency, the accumulation of phosphorylated
derivatives of adenosine and 2'-deoxyadenosine has been implicated as the
toxic mechanism (Cohen et al., 1978).

Activation of nucleoside analogs

Clinically used antiviral or cytostatic nucleoside analogs must be phos-
phorylated in order to achieve their therapeutic effects.

dCK is a key enzyme in the activation of a number of clinically used
nucleoside analogues, such as CdA, araC, and araG. Loss of dCK activity or
deficiency in dCK expression is one of the mechanisms causing drug
resistance, e. g. in case of araC, dFdC and ddC resistance (Owens et al., 1992;
Ruiz van Haperen et al., 1994, 1995). The molecular basis of the drug
resistance was correlated to deletion or specific point mutations in the dCK
gene. In case of the araC resistance cell line, two mutation were found; a 115
bp deletion in the coding region and a point mutation Gly33Glu within the
ATP binding site, in both case this resulted in completely loss of dCK activity.
ddC resistance was the result of a point mutation Gin]56Arg reducing the
enzyme levels to 10-30% of the wild type activity. Based on the presence of a
single point mutation and a marked reduction of dCK mRNA in this cell line,
it was postulated that the second allele either is not expressed or is expressed at
very low levels (Owens et al., 1992). In the clinical situation mutations of the
dCK gene resulting in inactive dCK is a reason but not a frequent reason for
araC resistance (Flasshove et al., 1994).

AraG is a substrate for both dCK and dGK, but not for PNP. Unlike AraC,
which is a good substrate for dCK and is equally toxic to B and T cells, araG is
selectively toxic to T cells (Hebert et al., 1991; Shewach and Mitchell, 1989).
The reason for the selectivity relies on the fact that T cells accumulate higher
levels of araGTP than other cells, which was recently shown in a preliminary
clinical study (Kurtzberg, 1993; Kurtzberg et al., 1995). 2-amino-6-
methoxypurine arabinoside is a prodrug of araG with improved solubility, it
maintains the selectivity against T-cell tumors, but it is not a substrate for dCK,
adenosine kinase, or purine nucleoside phosphorylase, and it is
phosphorylated by dGK. A phase I trial of 2-amino-6-methoxypurine
arabinoside against haematological malignancies is now in progress (Lambe et
al., 1995). Therefor increased knowledge about the properties and regulation
of dGK may have large clinical relevance for future treatment of
haematological malignancies.

Future prospectives — gene therapy with deoxyribonucleoside
kinase cDNAs

The fact that cancer cells usually do not exhibit unique biochemical properties
that distinguish them from normal cells is a limitation for cancer chemo-
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therapy. There are few drugs that selectively kill tumor cells without affecting
the normal cells. Gene therapy offers a prospect of selectively introducing
genes into cancer cells, rendering them susceptible to specific anti-metabolites.
Herpes simplex type 1 thymidine kinase (HSV1 TK) is a particularly attractive
gene in therapeutic approaches. In tumor cell lines transfected with HSV-1 TK
gene construct (retroviral vector), the sensitive to the toxic effects of
nucleoside such as ganciclovir was found to be dramatically increased, and
selective killing of the tumor cells was achieved in cultured cells and in animal
models (Ezzeddine et al., 1991; Chen et al., 1994; Wills et al., 1995).

Similar experiments have recently been done with dCK cDNA. Transfection of
dCK cDNA into an araC and 5-aza-2'-deoxycytidine resistant rat leukemia
cells fully restored drug sensitivity to these cells (Stegmann et al., 1995).
Using retroviral and adenoviral vector-mediated transduction of dCK cDNA a
marked sensitization of a glioma cell lines to the cytotoxic effects of araC in
vitro was found. A significant antitumor effects in vivo was also observed
(Manome et al., 1996). The study of the tumor cell lines transfected with dCK
cDNA demonstrated a direct relationship between dCK activity and drug
sensitivity. Many solid tumors have relatively low levels of dCK, and it may be
possible that dCK gene transfer could be a useful adjunct to chemotherapy in
antitumor treatment (Hapke et al., 1996). In the future, engineered human
deoxyribonucleoside kinase genes with gene products with improved drug
selectivity may be useful in anti-cancer gene therapy.

Structure function relationships of deoxyribonucleoside kinases

Herpes virus TKs show similar characteristics to those of the host enzymes, but
they still have important differences in substrate specificity which is the basis
for successful antiviral chemotherapy. Today a large number of thymidine
kinase genes has been sequenced from various sources, including vertebrates,
bacteria, viruses. In the review of Gentry (1992), TKs has been classified into
two main groups: the poxviral and cellular thymidine kinases, and herpesviral
thymidine kinase and eukaryotic deoxycytidine kinases. The sequence of the
mitochondrial thymidine kinase was not known at that time, but it is clear now
that the mitochondrial TK is a member of herpesviral TK and cellular dCK
family because of their similar biochemical characteristics and gene sequences
(Wang et al., 1996a (Paper III)). Mitochondrial dGK is certainly a member of
dCK family as well (Wang et al., 1996b (Paper 1V); Johansson and Karlsson,
1996). The recent release of the 3-D structure of HSV-1 TK (Wild et al.,
1995; Brown et al., 1995) and the identification of conserved sequence motifs
among deoxyribonucleoside kinases enable a reasonable prediction of
structure function relationships among deoxyribonucleoside kinases.
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The structure of HSVI TK

Comparisons of herpesviral TK sequences with that of adenylate kinases have
revealed several highly conserved sequence motifs that have been grouped
into six sites (Balasubramaniam et al., 1990). Correlation of these sites with the
3-D structure of HSV-1 TK is illuminating. Site 1, a crucial part of the active
centre consists of a glycine loop with the sequence fingerprint -G-X-X-G-X-
G-K-T-, which is also conserved in the adenylate kinase and numerous ATP or
GTP binding proteins. This is the ATP binding domain and the lysine residue
is essential for phosphoryl transfer during catalysis. Site 2 is involved in the
binding of the nucleoside substrate, particularly residue E83 and W88, Site 3
and 4 are at the bottom of the active site as part of the substrate binding site
and evidently determine the substrate specificity. Residues D162 R163 yl172
P173, and R176 are involved in the interaction with the thymidine base.
Residues that include and extend beyond site 2 are in close contact with the
sugar moiety of the nucleoside, especially M128 and Y132, Site-directed
mutagenesis studies of the aspartic acid residue (D162) of the -DRH- motif
suggested that pl62 participates in nucleoside binding but is not involved in
ATP or Mg2+ binding. The results also indicate that the binding of
thymidylate may share or overlap with that of thymidine (Black ez al., 1996b).
Other studies also indicated that amino acids residues that surround the
conserved -DRH- motif are im%ortant for the substrate specificity of the
enzyme. Substitution of T1361137 with L1361.137 jn the substrate binding
site of the VZV TK yielded a mutant enzyme which lost deoxycytidine
phosphorylating activity and had reduced TK and TMPK (thymidylate kinase)
activities (Suzutani et al., 1993). Random mutagenesis of the substrate binding
site of HSV-1 TK, L1591160F161_DRHPIA-A 16811691170 jed to a number
of mutant enzymes with altered substrate specificity, for example the enzyme
of mutant L1591,1601,161_DRHPIA-V 1681691170 (mutated residues are
in bold letters) has reduced thymidine and ganciclovir phosphorylating
activity but 5-fold higher acyclovir phosphorylation than that of the wild type
enzyme (Black et al., 1996a). Site 5, the arginine rich motif, is similar to a
region of adenylate kinase and other nucleotide binding protein and R222 i
involved in phosphoryl group binding.

Prediction of structure function relationships of human
deoxyribonucleoside kinases

Upon the publication of human dCK sequence, a comparison of herpesviral
TKs with cellular dCK sequence was made and revealed a clear relationship.
Therefor, Harrison et al. (1991) proposed that the TKs of herpesviruses of
higher and lower vertebrates have evolved either independently or successively
from a cellular dCK. The finding of great similarity of dCK sequence to the
two newly cloned human mitochondrial deoxyguanosine kinase and human
mitochondrial thymidine kinase, thus established a new family of deoxy-
ribonucleoside kinases. The sequence of human mitochondrial thymidine
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kinase showed significant homology to the eukaryotic dCKs and dGK, as well
as to the family of herpesviral TKs, but not to the family of bacterial, poxvrial
and eukaryotic cytosolic TKs. The high homology of TK2 to dCKs, dGK and
herpesviral TKs suggests that they are evolutionary related, and may originate
from a common ancestor. The mammalian deoxyribonucleoside kinases form
a family of enzymes which are similar in size, are active as dimers and have
broad substrate specificity and phosphate donor capacities, similar to the
herpesviral TK family.

Alignment of the human deoxyribonucleoside kinases with selected
herpesviral TKs (Fig. 6A) revealed a striking conservation of functional
important sequence motifs. An overview of the overall arrangement of these
sequence motifs along the entire sequences is shown in Fig.7, suggesting that
they are structurally and functionally related, but still the mammalian enzymes
have an additional conserved feature that distinguish them from the
herpesviral TKs. They contain a leucine zipper type of structure close to the
C-terminal of the polypeptide which could also be found in several protein
kinases such as CDK activating kinase and cdc protein kinase (Fig. 6B). This
domain identified for the first time here may be involved in protein-protein
interactions.

The ATP binding site (site 1 in Fig. 6A) close to the N-terminal has a
conserved sequence fingerprint -G-X-X-G-X-G-K-T/S-T-, with the exception
of EBV TK. This motif is also found in adenylate kinase and a large number
ATP/GTP binding proteins. The presumed loop structure facilitates
interactions between the y phosphoryl group of the nucleotide and a positively
charged amino acid residue (lysine), a crucial part of the active centre of all
kinases as demonstrated by the AK and HSV1-TK structural studies.

The substrate specificity site (sites 3 and 4), a B strand structure including
residue 161-192 in HSV1-TK with a conserved sequence triplet -DRH- in all
the herpesviral TKs and other thymidylate kinases, has been shown to be
important in substrate binding. In the mammalian deoxynucleoside kinases
there is a similar triplet -E-R-S-, possibly with the same function. Channel
catfish virus (CCV), a lower vertebrate herpes virus, encodes a TK which can
be distinguished biochemically from cellular thymidine kinase (TK1) and
other herpes virus TKs because of the inability to use CTP as phosphate donor
(Harrison et al., 1991). It is of interest to note that CCV TK does not contain
the consensus -DRH- motif but instead has the -ERS- triplet which is found in
the mammalian dCK family. Another triplet -A/DRY- conserved in all these
sequences, with the exception of EBV TK, play an important role in the
substrate binding as well (underlined residues in Fig. 6A). A difference in this
motif, worth investigating, is that in the thymidine kinases it is a conserved-
ARY- triplet while in the deoxycytidine kinases it is a conserved -DRY- motif.
One major difference in the substrate specificity site among these sequences is
the distance and variation of the amino acids residues between the two
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Sitel Site2 Site3 Site 4 SiteS Siteé
Ak ik

ik Fededdck P rereny
HSV-1 NHo -50- RVYIDGPHGMGKTTTT -15- PEPMTYW -72- FDRHPIAALLCYPAARYL -38- RLAKRQORPGE -58- [GDTLF -87- COOH
HSV-2  NHo -50- RVYIDGPHGVGKTTTS -16- PEPMTYW -72- FDRHPIASLLCYPAARYL -38- RLARRQRPGE -57- IEDTLF -86- COOH
VZv NHp -14- RIYLDGAYGIGKTTAA -18- GEPLSYW -74- SDRHPIASTICFPLSRYL -38- RVSKRARPGE -61- IEDTLF -83- COOH
EBV NHp -285- SLFLEGAPGVGKTTML -14- PEPMRYW -69- HDRHLLSASVVFPL-MLL -38- RLKKRGRKHE -63- YKNSIF -84- COOH
TK2h NHp -19- VICVEGNIASGKTTCL -12- TDPVSKW -45- MERSIHSARYIFVENLYR -42- RLKKRCREEE -19- IKGSLF -40- COOH

ccv NHo -18- VFCVEGNIGCGKSTLV -15- EEPVDOW -42- MERSPMSATRVFCAVNGS -41- RMRRRDRTGE -62- COOH
dCKh NHp -23- KISIEGNIAAGKSTFV -13- PEPVARW -67- FERSVYSDRYIFASNLYE -44- RIYLRGRNEE -63- COOH
dGKh NHp -23- RLSIEGNIAVGKSTFV -13- TEPVATW -64- FERSVYSDRYIFAKNLFE -44- RLYQRAREEE -66- COOH

(ATP binding site) (Substrate specificity site) (Arginine rich motif)

B

TK2h NH2 -166- EEKVIPLEYLEAIHHLHEEWLIKGSLFPMAAPVLVIEADHH -25- COOH
dCKh NH2 -196- EEQGIPLEYLEKLHYKHESWLLHRTLKTNFDYLQEVPILTL -25- COOH
dGKh NH2 -193- EEEGIELAYLEQLHGOHEAWLIHKTTKLHEALMNIPVLVL -22- COOH

CAK NH2 -123- AIKAYMLMTLOGLEYLHOQHWILHROLKPNNLLLDENGYLKL -193- COOH
cdcK NH2 -182- EVKTLMIQLLRGVKHLHDNWILHRDLKTSNLLLSHAGIL -219- COOH

* * * * * *k *kk*kkk K& *
(Leucine rich motif)

Fig. 6 A. Alignment of the amino acid sequences of six conserved sites in vertebrate herpes virus TKs, and comparison with
human deoxyribonucleoside kinases. The sequences were aligned using DNA STAR program.

Abbreviations: HSV-1, herpes simplex virus type 1 (J02224); HSV-2, herpes simplex virus type 2 (J02225);

ZVZ, varicella-zoster virus (M36160); EBV, Epstein-Barr virus (P03177); CCV, channel catfish virus (M75136);
TK2h,human TK2; dCKh, human dCK; dGKh, human dGK.

B. Alignment of the sequences of the conserved leucine rich

motif of human deoxynucleoside kinases with protein kinases; CAK, human CDK-activating kinase (A54820);

cdcK, human cdc kinase (D54024). GeneBank accession numbers are given in the brackets for proper reference.
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conserved triplet sequence. The mammalian enzymes have much shorter
distances, 3 amino acids compared to 10 amino acids in case of herpesviral
TKs. This might be a reason why the mammalian enzymes fail to
phosphorylate certain analogs such as acyclovir and ganciclovir. Future site-
directed mutagenesis studies of the amino acid residues in these sites will help
to define their roles in substrate recognition.

The arginine rich motif (site 5), similar to the ATP binding site, is conserved
among all the sequence aligned in Fig. 6 and numerous ATP/GTP binding
proteins. The conserved arginine residue is involved in the binding of the
phosphoryl group as it does in adenylate kinase and HSV1 TK. The distance
between the substrate specificity site and the arginine rich motif of the
mammalian enzymes is only marginally longer than that of the herpes
enzymes which suggests that they probably have the same function.

Site 2 is conserved among the human enzymes as well, suggesting that the
conserved glutamic acid and tryptophan are involved in substrate binding like
they are in HSV1 TK. Site 6 have not been assigned any function and it could
only be found in TK2 but not in dCK and dGK, suggesting that TK2 is more
closely related to the herpesvrial TKs.

The cytosolic thymidine kinase family

The properties of poxviral TKs and bacterial TKs are similar to the cytosolic
TKs of vertebrates, so are their amino acids sequences (Gentry,1992). The
human, chinese hamster, mouse and chicken TK1 sequence showed great
similarities and conservation, only a few substitutions is seen. Poxviral TKs and
eukaryotic cytosolic TKs are very similar, except that poxviral TKs are shorter
both at the N-terminal and the C-terminal part. The bacterial TKs seemed to
differ from their host TKs to some extend but still conserved sequence motif
could be identified. The highly conserved ATP binding domain with the
sequence finger print G/A-X-M-X-S/A-G-K-S/T close to the N-terminal was
found in of all the sequences, as well as an arginine rich motif. However, the
other substrate binding motifs indicated in Fig. 6 could not be identified.
Detailed knowledge of the structure function relationships in the TK1 family
must await 3-D structure determinations.

Origin of the mitochondrial salvage enzymes — TK2 and dGK

The mitochondrial location of TK2 and dGK

The subcellular localisation of TK2 and dGK is in the mitochondria as
determined by enzyme activity measurement of subcellular fractions (Clayton,
1973; Gower et al., 1979). However, both TK2 and dGK are encoded by
nuclear genes. Like most mitochondrial proteins, they are synthesised in the
cytoplasma as larger precursor proteins containing N-terminal leader peptides
which will be removed by proteolytic cleavage upon entering the
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mitochondria. Mitochondria have two membranes (inner and outer
membranes) and therefor two compartments, i. e. the matrix and
intermembrane spaces. Any imported precursor must be directed not only to
the mitochondria but also to the correct intramitochondrial location. In a gene
fusion experiments of van Loon et al. (1986) , it was demonstrated that the
leader sequence of alcohol dehydrogenase III (ADHIII, a mitochondrial
matrix enzyme) can direct mouse dihydrofolate reductase (DHFR, a cytosolic
enzyme) into the mitochondrial matrix while the presequence of cytochrome
¢l (a mitochondrial inner membrane protein protruding into the inner
membrane space) transported the attached DHFR into the inner membrane
space. There is no obvious amino acid homology between the signal peptide
sequences, although they are typical rich in basic and hydroxylated amino
acids and lack acidic residues (von Heijne et al., 1989). Analysis of the
presequence of dGK and presumed presequence of TK2 (since the N-terminal
sequence of TK2 has not been defined yet) (Fig. 8) showed that they are

MAKSPLEGVSSSRGLHAGRGPRRL ——

VQRYAWPPDKEQEKEKKSYV

MLRTSSLFTRRVQPSLFSRNILRLQST

MFSNLSKRWAQRTLSKSFYSTATGAASK S

K
L
-
xk Q
AYLLTSATIGAAAVGATVLJ
Df
3
L
Ta
EAMTA | cYTOCHROME ¢ |

Fig. 8. Comparison of the N-terminal leader sequences of human TK2 and dGK to that of
ADHIII and cytochrome ¢1. Charged amino acid residues are in bold letters. Two stretches
of uncharged amino acid residues are underlined.

similar to the ADHIII presequence. They lack the stretch of uncharged amino
acids typical for the cytochrome cl presequence which is the signal for stop of
transfer of intramembrane mitochondrial proteins. The location of both TK2
and dGK is most likely in the mitochondrial matrix.

The Origin of TK2 and dGK

According to the endosymbiotic theory, mitochondria once were free living
bacteria like organism, similar to present day o purple bacteria, and they
contained all the information necessary for growth and reproduction
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(Margulis, 1970). Presumably all the proteins necessary to maintain the
functional mitochondria were originally encoded in the mitochondrial
genome. During evolution most, but not all, essential genetic information of
the mitochondrial ancestor has been transferred to the nuclear genome, while
part of the information was retained and still functioning today. Mammalian
cells contain both TK2 and dGK located in the mitochondria. From the
endosymbiotic point of view, the genes of TK2 and dGK were probably
originally part of the mitochondria genome and subsequently transferred to
nuclear genome of eukaryotic cells and lost from the mitochondria genome
during evolution.

Many eukaryotic nuclear genomes have been reported to contain
mitochondrial DNA like sequences, including locust (Gellissen et al., 1983),
yeast (Farrelly and Butow, 1983), podispora (Wright and Cummings, 1983),
sea urchin (Jocobs et al., 1983), maize (Kemble et al., 1983), rat (Hadler e? al.,
1983) and human (Tsuzuki et al., 1983). It has been found that mtDNA of
Neurospora contains DNA sequence homologous to the nuclear gene coding
for one of the mitochondrial ATPase subunits (van den Boogaart et al., 1982).
In HeLa cells an intact replicative mitochondrial DNA was found in the
nucleus (Keistensen and Prydz, 1986). In the rat nuclear genome a
mitochondrial D-loop sequence was integrated (Zullo et al., 1991). All these
findings suggest that in eukaryotic cells physical contact between the two
genomes, or between parts or copies of them, must have occurred during
evolution. It was estimated that there are at least several hundred copies of
mtDNA like regions per haploid human genome (Fukuda et al., 1985).

It has been speculated that the integration of mtDNA fragments into nuclear
DNA is mediated by mechanisms similar to those of viral DNA integration
into host genomes. Analysis of the junctions of the mtDNA like sequences
revealed that these mtDNA fragments did not integrate into specific sites on
the nuclear genome (Nomiyama et al., 1985; Fukuda et al., 1985). However,
the presence of highly repetitive sequences in the nuclear sequences flanking
the mitochondrial homologous regions suggests a role in sequence mobility
(Gellissen et al., 1983; Wakasugi et al., 1985; Nomiyama et al., 1984). The
eukaryotic genome is composed of up to 40% repetitive sequences (Britten
and Kohne, 1968). It seems reasonable that mtDNA like sequences would be
associated with repetitive sequences, as insertion into single-copy genes would
probably be fatal to the gene and possible the organism, and repetitive
sequences are favourable sites for integration of exongenous DNA (Kato et
al., 1986). It is likely that the TK2 gene was transferred from "pre-
mitochondrion” to the nucleus at an early time since there is evidence for
repetitive sequences in both the exon and intron sequences of TK2 (Wang et
al., unpublished data). These repetitive sequences may be movable elements,

i.e. transposon-like, that are involved in the insertion of the gene into the
nuclear DNA.
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Such a gene translocation requires the addition of a mitochondrial target
sequence to the open reading frame of the gene product, the correct
positioning of cytoplasmic regulatory signals and the elimination of
regulatory features specific to the organelle. The translocation of ribosomal
protein S12 of Oenothera was studied and the transit sequence necessary to
target this protein to the mitochondria is encoded by a 5'-extension of the
open reading frame, separated by an intron from the corresponding mtDNA.
Comparison of the amino acid sequence encoded by the nuclear gene with
that encoded by the edited mitochondrial cDNA suggests that gene transfer
between mitochondrion and nucleus started from an edited mitochondrial
RNA molecules (Grohmann et al., 1992). The mechanism for the gene
transfer between mitochondria and the nucleus has been proposed for higher
plants (Fig.9) (Brennicke et al., 1993), and it is most likely also applicable to
animal cells. There is an intron sequence that separate the functional mature
protein from the presequence of dGK and at least 3 introns separate
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Fig. 9. The transfer of genetic information from mitochondrion to nucleus can be
subdivided into different steps. Only complete passage through the entire procedure will
result in a successful transfer, with the former organelle gene now actively integrated in
the nucleus (Brennicke et al., 1993).
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the presequence of TK2 from the functional enzyme (Wang et al., unpub-
lished data). The existence of a repeated sequence in TK2 cDNA would allow
us to speculate that the transfer of the TK2 gene from the "pre-mitochondria"
genome to the nucleus followed a mechanism of RNA-mediated transfer.
After integrating into the nuclear DNA presequences were added so that the
protein can be directed to the mitochondrial location. More sequence infor-
mation from other species than mammals, such as o purple bacteria, is needed
to support the endosymbiotic origin of the mitochondrial deoxyribonucleo-
side kinases.
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