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SUMMARY

Deoxycytidine kinase (dCK) is the main enzyme in the salvage of deoxyri-
bonucleosides as a consequence of its broad substrate specificity. dCK is the
only enzyme that can supply cells with all four precursors of DNA; is capa-
ble of 5-phosphorylation of the natural substrates deoxycytidine (dCyt),
deoxyadenosine, and deoxyguanosine; and can be interconverted into
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thymine nucleotides. The deoxycytidine triphosphate (dCTP), in addition to
DNA, can be utilized for special processes, such as for synthesis of “liponu-
cleotides,” which are precursors of membrane phospholipids. The expression
of dCK is highest in lymphoid cells/tissues (e.g., such as thymus, spleen,
lymph nodes, stimulated peripheral blood mononuclear and bone marrow
cells) and in all malignancies of these cells. The cell cycle dependence of the
expression of dCK has been a matter of discussion; even higher dCK activity
and dCyt metabolism were found in undifferentiated rather than in differenti-
ated human lymphocytes. An enhancement of dCK activity occurred on prein-
cubation of cells with a variety of nucleoside derivatives and nonnucleoside
genotoxic agents, such as aphidicolin, etoposide (VP16), taxol, and even the
G protein modulator sodium fluoride. y-Irradiation and ultraviolet (UV) C
irradiation also augmented dCK activity in different cells. The decrease of
dCK activity was observed with protein phosphatase inhibitors, suggesting a
regulatory role for reversible protein phosphorylation in the activation process.
Cytosolic Ca?* ion and p53 protein are necessary for the increase of dCK
activity in cells after toxic treatments. The reason for the increase of dCK
activity after toxic treatment of cells seems to be a compensatory mecha-
nism induced by “metabolic stress” signals; cells need deoxynucleotides to
repair damaged DNA. A positive correlation was found between dCK activ-
ity and the sensitivity of malignant cells to chemotherapy; thus, dCK has an
outstanding importance in human chemotherapy. dCK is often the rate-limit-
ing enzyme in the activation of these analogs. L-2'3’-dideoxy-3’-thiacytidine
(lamivudine, 3TC); arabinosylcytosine (Cytosar, ara-C); 2-chlorodeoxyadeno-
sine (cladribine, CdA); and 2’,2’-difluorodeoxycytidine (gemcitabine, dFdC),
the first a human immunodeficiency virus drug and the last three valuable anti-
cancer agents, are all substrates for dCK, and they are between 5% and 50%
as efficient as dCyt as substrates for the enzyme. dCK prefers nucleoside
sugars in the S-conformation (C2’-endo-C3’-exo0) because a-2’,3’-dideoxy-
cytidine adopts that conformation preferentially. dCK is composed by two
identical polypeptides of 261 amino acids (54), and it shows some significant
sequence similarity with the herpes simplex type 1 virus thymidine kinase,
as well as about 40% sequence identity to the mitochondrial thymidine
kinase 2. In 2003, the structure of dCK in complex with dCyt and ADP-
Mg?* was solved.

The activated form of dCK seems to be an altered stable conformation of
the enzyme in which the C-terminal is differently exposed to immunore-
agents. Further studies are needed to define the molecular mechanism
responsible for the activation process, but it is clear that increased under-
standing in this field may lead to the development of new drug combina-
tions in antitumor or antiviral chemotherapy. With determination of the
structure of dCK, it is now possible to define some of the structure function
relationships of this enzyme and the related expanding deoxynucleoside
kinase enzyme family.

Key Words: Deoxycytidine kinase; deoxyguanosine kinase; deoxynucleo-
side analogs; deoxynucleoside kinases; deoxynucleosides; thymidine kinases.
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1. INTRODUCTION

This chapter mainly concerns the role of deoxycytidine kinase (dCK;
EC 2.7.1.74) in cellular nucleotide metabolism and in activation of
nucleoside analogs used in chemotherapy. However, Chapter 3 also
describes the activation of many of the most important deoxynucleoside
analogs by the four cellular deoxynucleoside kinases (dNKs). We there-
fore focus on the special metabolic function of dCK in relation to metab-
olism and DNA synthesis; refer to Chapter 3 and to several earlier review
articles (/—4) for a more comprehensive account of the topic. Here, we
summarize the basic facts regarding dCK but focus on the results
obtained during recent years.

The adequate maintenance of intracellular deoxyribonucleotide pools
to supply the needs of deoxyribonucleic acid (DNA) replication, repair,
and recombination is a central issue of nucleotide metabolism, accom-
plished by the tightly regulated de novo and salvage biosynthetic path-
ways presented in Fig. 1. Purine and pyrimidine ribonucleotides can be
synthesized from carbohydrate and amino acid derivatives by the energy
consuming de novo biosynthetic pathways producing ribonucleoside
diphosphates (NDPs), which are reduced by the ribonucleotide reductase
(RR) to the corresponding deoxyribonucleotide diphosphates (dNDPs)
and converted to deoxyribonucleotidetriphosphates (dNTPs).

The synthesis of deoxythymidine 5’-triphosphate (dTTP) is slightly dif-
ferent from that of the others; deoxyuridine monophosphate (dUMP) is
methylated by thymidylate synthase to deoxythymidine monophosphate
(dTMP) and then phosphorylated to deoxythymidine triphosphate (dTTP)
by kinases. However, the mitochondria and some tissues (i.e., erythrocytes,
polymorphonuclear leukocytes, peripheral lymphocytes, and brain) in
mammals have reduced capacity for de novo synthesis of nucleotides;
therefore, they are dependent on exogenous bases or nucleosides (salvage
processes) to supply the ribo- and deoxyribonucleotides required for dif-
ferent metabolic processes and nucleic acid synthesis. The main sources of
deoxyribonucleotides in the cytosol and in the mitochondrion are pre-
sented in Fig. 1.

Nucleosides are transported through the plasma and mitochondrial
membranes by different nucleoside transporters and immediately phospho-
rylated by the cytosolic or mitochondrial dNKs. Two cytosolic dNKs (dCK
and TK1) and two mitochondrial dNKs (deoxyguanosine kinase [dGK]
and thymidine kinase 2 [TK2]) have been identified in different cells and
tissues (Fig. 1).

Among different salvage enzymes in different tissues, dCK is the main
enzyme in the salvage of deoxyribonucleosides as a consequence of its
broad substrate specificity. The dCK has an outstanding importance in
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Fig. 2. Salvage of deoxynucleosides into liponucleotides, the separate dCTP pools.
dCyt, deoxycytidine; 5’-NT, 5’-nucleotidase.

human therapy because it is also responsible for the activation of many
important nucleoside derivatives used in anticancer and antiviral therapy.
The enzyme is capable of 5’-phosphorylation of the natural substrates
deoxycytidine (dCyt), deoxyadenosine (dAdo), and deoxyguanosine (Fig. 2)
and a large number of both pyrimidine and purine analogs (/-3). The phys-
iological phosphate donor for the reaction is most likely both adenosine
triphosphate (ATP) and uridine triphosphate (UTP), and the nature of the
phosphate donor affects the kinetics of the reaction (/-4 and references
therein). There exists an interconversion pathway between dCyt and
deoxythymidine (dThd) nucleotides in the cytosol. The main enzyme in the
dCyt-dThd interconversion pathway is the deaminase activity (DA); in the
catabolic pathway, it is the nucleotidase activity (5’-NT) presented in Fig. 1.

The metabolic importance of dCK is apparent from the observations
that, in some mammalian cells, the major source of dTTP comes also from
its product dACMP via dCMP deaminase (dCMP-DA) rather than from
deoxyuridine monophosphate via ribonucleotide reduction (4-6) as pre-
sented in Fig. 2. Approximately 75% of extracellularly added dCyt was
converted into dTTP via dCMP-DA and TS in human lymphocytes (7).
The importance of the other products, dAMP and dGMP, is less clear
because in most situations there is efficient catabolism of purine deoxynu-
cleosides. Only with stable purine analogs or inherited deficiencies of cata-
bolic enzymes is there a significant accumulation of these type of dCK
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Fig. 3. The regulation of dCTP synthesis and ara-C phosphorylation.

products. The synthesis of dCMP directly by dCK became a central role in
supply of all processes utilizing only dCyt for special functions (i.e., for
phospholipids) and the other three deoxynucleotides for DNA as seen in Fig. 2.

dCK is the only enzyme that can supply cells with all four precursors of
DNA. The final product of the salvage, beside of DNA (8-10), the deoxy-
cytidine triphosphate (dCTP) can also be utilized for special processes, for
synthesis of “liponucleotides,” precursors of membrane phospholipids
(11-14). Treatments of patients with dCyt analogs often resulted in neu-
ropathy as a side effect, which might be the result of altered phospholipid
biosynthesis. dCyt is incorporated into dCDP-ethanolamine and dCDP-
choline more effectively than cytidine itself, and the anticancer analog
arabinosyl-cytosine also participates in these reactions (//—13). The inos-
itol-phospholipid pathway, deoxycytidine diphosphate (dCDP)-diacylglyc-
erol can also incorporate external dCyt, but only in the presence of the
amphipathic, neuroleptic drug chlorpromazine (72,14), inhibiting its fur-
ther metabolism. The incorporation of dCyt into two separate dCTP pools
and into membrane phospholipids is presented in Fig. 2.

An important function of dNTP pools has been demonstrated in the
activation of origenes during DNA replication (/0), and dCK is involved
in the overall regulation of the dNTP pools in most cells. The concentra-
tions of dCTP and dTTP pools are regulated at different levels of the
metabolism, which then influences the activation processes and effects of
nucleoside analogs used in cancer chemotherapy. The inhibition of the
dCTP synthesis by the allosteric effect of dTTP occurs at the level of RR,
where the reduction of CDP is regulated by dTTP (Fig. 1). There is
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Resting PBMC 15 <1 20-40 20-50
Stimulated

PBMC 30 100 =~ 100 20-50
CEM 30 100 =100 20-50
Thymus 1 0 0 25 =100 20-50
Brain <1 <1 =100 =~ 100
Muscle <1 <1 10-20 20-50
Liver <1 <1 20 - 50

Colon 5-10 5 50

Fig. 4. Comparison of dCK activities in different tissues.

another regulation step in the formation of dCTP at the level of dCK; that is,
at a high level of dCTP there is no further phosphorylation of dCyt by dCK.
However, this regulation will also influence the activation of the antileukemic
nucleoside analog(s) arabinosyl-cytosine (ara-C). A high level of dCTP will
inhibit the phosphorylation of ara-C, decreasing the effect of the drug on
DNA synthesis as presented in Fig. 3.

2. THE EXPRESSION OF dCK IN DIFFERENT CELLS
AND TISSUES

The expression of dCK is highest in different lymphoid cells/tissues, such
as thymus, spleen, lymph nodes, stimulated blood mononuclear cells, and
bone marrow cells and in all malignancies of these cells as presented in
Fig. 4 (1,2,7). The dCK levels were intermediate in proliferating epithelial
cells (lung, colon, placenta) and in resting peripheral blood mononuclear cells
and very low in terminally differentiated tissues such as brain, liver, kidney,
and muscle (Fig. 4). The TK1 isoenzyme is a cell cycle-regulated enzyme; its
activity is high in all proliferating cell types (Fig. 4). The mitochondrial TK2
and dGK isoenzyme activities are mainly constant in different tissues (Fig. 4).

There is a discrepancy between the relatively high messenger ribonucleic
acid (mRNA) levels and the lack of enzyme activity in adult brain extracts (3).
However, embryonic sympathetic neuron cultures are inhibited by nucleoside
analogs, such as ara-C (15) and cladribine (2-chlorodeoxyadenosine,
CdA), a dAdo derivative (16), which is an excellent substrate for dCK (3)
in vitro. The effect of CdA on neurons could be reversed by dCyt, indicating
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that phosphorylation by dCK is a necessary step in the nucleoside toxicity
observed in embryonic neuron cultures (/6). The conclusions from these
results might be that, during cell differentiation, there are also fundamental
changes in the capacity of the nucleoside metabolic pathways.

The cell cycle dependence of the expression of dCK was a matter of dis-
cussion. There was only a slight (two- to threefold) increase in dCK activ-
ity in S phases (i.e., large lymphoid cells compared to small, e.g., G1 phase
cells) (1—4). Surprisingly, even larger differences were found in dCK activ-
ity and dCyt metabolism between undifferentiated and differentiated human
tonsillar lymphocytes (/7) and between cell fractions isolated from germi-
nal centers of lymph nodes, where B lymphocyte differentiation occurs
(18). These differences did not correlate with the activities of S-phase
marker enzymes (i.e., DNA polymerase-o. and TK1), which support the cell
cycle-independent synthesis of the dCK enzyme. The differences in dCK
activity in lymphomas, different leukemias, and solid tumors seems proba-
bly correlated to their differentiation stages, with higher levels of dCK in
undifferentiated lymphoid and embryonic neural cells.

The normal differentiation pathway is apparently disturbed in children
with Down syndrome (DS, trisomy of chromosome 21), who have a 10- to
20-fold increased risk of developing acute lymphoid leukemia and acute
myeloid leukemia (AML) compared to children without DS (79,20).
However, DS leukemic lymphoblasts and myeloblasts are more sensitive
to ara-C toxicity, leading to longer event-free survival rates after treatment
compared to children without DS. This may be related to DS leukemic
cells containing two to three times higher dCK levels than other leukemic
cells (20).

Comparisons have been done among the levels of dCK mRNA, the level
of enzyme activity, and dCK protein using dCK-C-terminal peptide anti-
bodies in different cell lines and transplanted tumors (27,22). There was
overall a good correlation between these three parameters, except in some
cases. These results may be important for future studies in which the level
of dCK in patients could be considered as a parameter to obtain individu-
alized chemotherapy with nucleoside analogs, potentially leading to higher
efficacy and reduced side effects.

A positive correlation was found between dCK activity and the sensitiv-
ity of malignant cells to chemotherapy (20-23), discussed in Section 7.
Resistance to nucleoside analogs has been attributed to impaired dCK func-
tion caused by various genetic and epigenetic alterations, as summarized
below (e.g., point mutations, exon deletions, and alternatively spliced
mRNAs). Antisense oligonucleotides and retroviral introduction of ham-
merhead ribozymes targeted against dCK mRNA have been used and were
reported to result in both decreased dCK activity and sensitivity to cytidine
analogs (24). Furthermore, full sensitivity to ara-C could be restored by
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viral transfer of the dCK complementary DNA (cDNA) into ara-C-resistant
cell lines (25,26).

The gene for human dCK is localized to chromosome band 4q13.3—q21.1
and is a 34-kb single copy gene. The true localization of the dCK protein
in cells has been unclear. During biochemical isolation procedures, dCK
was found in the cytosol, but the enzyme has a nuclear localization signal
sequence in the N-terminal region (27). However, endogenous dCK was
found only in the cytosol using immunohistochemistry with a dCK pep-
tide antibody, and nuclear localization of dCK was found only in dCK-
overexpressing cells (28). The possible role of such a redistribution
process of dCK between the cytosol and nuclei remains to be determined.

3. INCREASE OF dCK ACTIVITY BY TREATMENT
OF CELLS WITH GENOTOXIC AGENTS: IMPLICATIONS
FOR DNA REPAIR AND APOPTOSIS

The sensitivity of malignant cells to deoxyribonucleoside chemothera-
peutic drugs is highly influenced by the cellular dCK levels, so that high
dCK activity enhances the efficacy of treatment of the cells with nucleo-
side derivatives. Pretreatment of resistant cells with bryostatin 1 has been
shown to exert an adjuvant effect on the sensitivity of the cells to CdA tox-
icity (29). The mechanism behind this effect has been studied, and it was
shown that a 1- to 2-h pretreatment of human lymphocytes with CdA
caused a two- to threefold increase in dCK activity not accompanied by
any increase in dCK mRNA or protein levels (30). The TK1 or TK2 isoen-
zyme activities were not increased by this or other treatments of cells with
genotoxic agents, so this phenomenon was specific for dCK. During serial
dilutions and affinity chromatography, purification the elevated dCK activ-
ity was maintained, indicating that feedback regulation by small molecules
or allosteric factors is unlikely (37). On the other hand, incubation with A
protein phosphatase decreased the specific activity of dCK in cell extracts,
suggesting that reversible phosphorylation of the enzyme might be
involved in this process (3/). It has also been reported that protein kinase
C in vitro phosphorylates and “activates” recombinant dCK (32), but the
increase of dCK activity by this mechanism could not be confirmed in
human lymphocytes (33).

CdA is an analog of deoxyadenosine that is not deaminated by adenosine
deaminase and has excellent clinical activity against hairy cell leukemia and
chronic lymphocytic leukemias of B- and T-cell types. CdA is an excellent
substrate for dCK in vitro (34) as well as in vivo, and its main product,
Cl-dAMP, accumulates in human lymphocytes during short-term incuba-
tions, during which the activity of dCK increased two to four times (35). The
same enhancement of dCK activity occurred on preincubation with a variety
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of nonnucleoside genotoxic agents such as aphidicolin (35), etoposide
(VP16) (36,37), taxol, and even the G protein modulator sodium fluoride
(38,39). y-Irradiation (40) and UV-C irradiation (4/) also augmented dCK
activity in different lymphoid cells. The decrease of dCK activity was
observed with protein phosphatase inhibitors (40), again suggesting a regu-
latory role for reversible protein phosphorylation in the activation process.
The sequence of treatment has also been shown to be important, and a syn-
ergistic effect was observed with sequential etoposide and cytarabine ther-
apy combinations (42,43).

The effects of nucleoside-5’-thiosulfate (-5’-TS) derivatives of four
deoxy- and two ribonucleosides were measured on the activity of the two
main salvage dNKs, dCK and TK1, in primary lymphoid cells. Only
thymidine-5’-TS (dThd-5’-TS) enhanced the activity of dCK in cells; none
of the other nucleoside-5’-TS derivatives had any effect on either the TK
or the dCK activities (44).

The activation of dCK can be achieved not only in lymph node cells
but also in thymocytes, spleen cells, and peripheral blood lymphocytes.
A marked difference in the extent of dCK activation was found between
G- and S-phase enriched subpopulations of lymphocytes. In resting lym-
phocytes, the extent of stimulation was higher than in S-phase cells (/8).
The activation of dCK was seen also with treatment of cells with the nat-
ural nucleoside dAdo, provided that its deamination was abolished by the
addition of the adenosine-deaminase inhibitor deoxycoformycine (45).
This could be a contributing factor in adenosine deaminase deficiency,
which is associated with a dramatic decrease of T lymphocytes and intra-
cellular accumulation of deoxyadenosine 5’-triphosphate (dATP) (46).
An imbalance in the nucleotide pools seems to be a primary reason for
DNA damage and inhibition of DNA synthesis and repair.

All the treatments described are toxic for cells, disturbing metabolic
processes and leading finally to damage of DNA. DNA damage caused by
UV-C or y-irradiation increased the repair of DNA in parallel with the ele-
vation of dCK activity (40,41), and the dATP concentration was also
increased in cells (46), which was shown to be involved in apoptosis (47).
The damaged DNA triggered rapid hyperphosphorylation and induction of
p53, which promotes either DNA repair or apoptosis (47,48). To explore
whether p53 is involved in the activation of dCK on genotoxic stress,
pifithrin-o, a recently discovered pharmacological inhibitor of p53, was
used (49). Treatment of cells with this inhibitor reduced the activation of
dCK (93), suggesting a direct or indirect role for pS3 in the enzyme acti-
vation process (93).

Unexpectedly, the dCK activity was 22-fold higher in CEM cells
transfected with the cystathione-B-synthase cDNA (a gene localized to
chromosome 21 involved in cysteine biosynthesis from homocystein)
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compared to wild type. However, levels of dCK mRNA and protein were not
changed in the transfected cells, similar to toxic treatments of cells. Only the
dCK enzyme activity was for as-yet-unknown reasons enhanced by transfec-
tion of cells with cystathione-B-synthase ¢cDNA (20). The transfection of
cells by a cDNA might disturb metabolic processes similarly to other geno-
toxic treatments, presented before. The final answer was the increase of dCK
activity and the increase of the deoxynucleoside salvage and DNA repair.

The special function of the dCyt salvage in the DNA repair was sug-
gested in an early work in which two dCTP pools were shown in lympho-
cytes (8); this suggestion was also supported in other cells, where
functional compartmentation of dCTP pools was shown (9). Thus, the rea-
son for the increase of dCK activity after toxic treatments of cells seems
first to be to supply the repair of DNA.

4. PREVENTION OF dCK ACTIVATION BY dCyt
AND DEPLETION OF CYTOSOLIC Ca** IONS

Among nucleoside-monophosphate analogs, only dThd-5"-TS enhanced
the activity of dCK in cells; no other nucleoside-5’-TS derivatives had any
effect on either dCK or TK activities (44). The activation process of dCK
by dThd-5"-TS and other agents can be prevented by simultaneous addition
of dCyd; dThd had no effect on the activation process (44).

The counteracting effect of dCyt and not of dThd, preventing the acti-
vation of dCK induced by toxic treatments, was surprising. Similar effects
of dCyt were observed in totally different systems; for instance, induction
of the glycoprotein hormone oa-subunit and placental alkaline phos-
phatase by butyrate was also inhibited only by dCyt and not by other
nucleosides in HeLa cells (57). The treatment with butyrate could be a sim-
ilar stress signal for the cells as the toxic treatments listed above. The
mechanisms of this “protecting” effect of dCyt against the different
“stress” treatments leading to increased dCK activity and DNA repair are
still unknown. It might be important to supply all four deoxynucleosides
by the action of dCK and by the dCyt—dThd nucleotide interconversion
pathway, operating mainly in lymphoid cells (7) (Figs. 1 and 2).

Protein phosphorylation is involved in the signaling pathway induced by
Y-irradiation in the case of the P53R2 RR (53), and it was suggested that the
dCK activation is also dependent on protein phosphorylation (31,32,52,54).
BAPTA-AM (1,2-bis [2-amino-phenoxy] ethane-N,N,N’,N'-tetraacetic acid
tetrakis [acetoxymethyl ester]), a cell-permeable calcium chelator, (55,56)
selectively inhibited the activation of dCK in a time- and concentration-
dependent manner, but extracellular calcium depletion had no effect on dCK
activity (50). Denaturing Western blots of extracts from lymphocytes
treated with CdA or other genotoxic agents (i.e., DNA polymerase inhibitor
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aphidicolin) or with the intracellular calcium chelator BAPTA-AM showed
that dCK protein levels were not changed during these treatments (50); the
enzyme activity was six to eight times higher in cells treated with genotoxic
agents than in cells with low Ca?" ion concentration. However, analysis by
Western blotting of native gels surprisingly demonstrated a striking correla-
tion between enzyme activity and the intensity of dCK-specific bands.
Apparently, the “high-activity” (presumably modified) form of dCK was
more efficiently recognized by the antibody than the “low-activity” dCK
form existing at low Ca’* levels in BAPTA-AM-treated cells (50). The exact
molecular background for this modification process remains to be clarified.

The molecular mechanism of the toxic treatments inducing increase of
dCK activity can be seen in Fig. 5. All toxic treatments (nucleoside
analogs, UV or y-irradiation, etc.) caused DNA damage, which needs DNA
repair. The dNTP pools were supplied by the increased dCK activity; the
activation of dCK needs Ca®* ions and an intact p53 protein. However, the
increased dATP pool is ready to induce the apoptotic machinery if DNA
cannot be totally repaired (Fig. 5).

5. DEOXYNUCLEOSIDE ANALOGS ACTIVATED BY dCK

In Chapter 3, Munch-Petersen and Piskur list the pharmacologically
most important deoxynucleosides and the anabolizing enzymes responsible
for their activation in humans (see Chapter 3, Table 2). Here, we shortly
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summarize the role of dCK in this process; the background is that, as men-
tioned, dCK is often the rate-limiting enzyme in the activation of these
analogs. L-2"3’-Dideoxy-3’-thiacytidine (lamivudine, 3TC); ara-C; CdA; and
2’,2’-difluorodeoxycytidine (gemcitabine, dFdC) (-4, 24, 57, and 58 and
references therein), the first a human immunodeficiency virus drug and the
last three valuable anticancer agents, are all substrates for dCK, and they are
between 5% and 50% as efficient as dCyt as substrates for the enzyme.
Gemcitabine belongs to a new category of anticancer nucleoside analogs that
shows activity against solid tumors; other chapters in this book are devoted
to describing the use of this drug as well as the key role of dCK as an anab-
olizing enzyme.

In addition to the analogs mentioned, the antileukemia drug 2-fluoro-
arabinofuranosyladenine (fludarabine, F-ara-A) and the antiviral agents
2’,3’-dideoxycytidine (zalcitabine, ddC) and arabinosyladenine (vidara-
bine, ara-A) are also phosphorylated by dCK (/-4,57). ddC is about
10-20% as efficient as a substrate as dCyt; the two other arabinosyl
analogs are less active.

dCK in not selective in the case of the enantiomeric forms of its substrates
and in some cases shows preferential phosphorylation of L-nucleosides
(58-63). Several L-nucleosides that are substrates for dCK have been devel-
oped as antiviral and anticancer drug. Two of these new L-nucleosides;
L-FMAU (2’-fluoro-5-methyl-B-L-arabinofuranosyluracil) and L-OddC
(B-L-(-)-dioxolane-cytidine), show relatively high activity with dCK. The
former analog has broad antiviral activity, and the second shows good
promise as an antitumor agent (62,64).

The fact that o-ddC is a more efficient substrate for dCK than 3-ddC (61)
indicates that dCK prefers nucleoside sugars in the S-conformation (C2’-
endo-C3’-exo0) because 0i-ddC adopts that conformation preferentially. This
has been verified by direct determination of the structure of the nucleoside
bound to dCK using nuclear magnetic resonance methods (65). The results
are in agreement with molecular modeling studies with herpes simplex
virus type 1 TK and conformationally restricted nucleoside analogs (66)
and should be considered in the future design of nucleoside analogs.

In addition to the analogs briefly described, there are many other nucle-
osides known to be phosphorylated by dCK. The overall pattern is that dCK
accepts both purine and pyrimidines with many modifications in the base,
some of which, like 2-Cl or 2-Br adenosine analogs, are better substrates
than the natural compounds. Furthermore, many sugar modifications are
accepted, and here fluoro-substituted sugars are often excellent substrates,
as are arabionsyl analogs. Both L- and p-analogs are accepted, but acyclic
nucleoside analogs are very poor substrates for dCK; this is part of the rea-
son for the antiviral properties of the acyclic analogs.
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6. STRUCTURE-ACTIVITY RELATIONSHIPS OF dCK

dCK is composed by two identical polypeptides of 261 amino acids (67),
and it shows some significant sequence similarity with the herpes simplex
type 1 virus TK, as well as about 40% sequence identity to TK2 and dGK.
The structure of a dGK-ATP complex was determined in 2000 (68), and in
2003 the structure of dCK in complex with dCyt and ADP-Mg?* was solved
(69). Both dGK and dCK show large similarity in structure, and they have
six B-sheets and seven or eight o-helices; the N-terminal phosphate-binding
loop is in the center of the active site. In dCK, helices 5 and 6 are short;
these are one long helix (helix 5) in the case of dGK (4,68,69), but other-
wise the folds of the proteins are almost identical, and differences can only
be seen in the active site . Both have the 5’-OH group of the nucleoside held
in place by hydrogen bonds to a conserved Glu, the amino group of an Arg,
and most likely of a water molecule.

The 3’-OH of the deoxyribose interacts with a Glu and a Tyr, and the latter
is “overlapping” the 2’-position so that a hydroxy group from a ribonu-
cleotide is prevented from binding with high affinity. The base is bound by
hydrogen bonds to a conserved Gln and a Phe. However, the difference
between dGK and dCK apparently stems from an altered hydrogen bond
network in the active sites, where an Asp residue interacts with an Arg but
only in the case of dGK is there a Ser also participating and stabilizing
this network. In contrast, in dCK the Ser is substituted by an Ala, and this
means that the Arg residue is in a less-extended conformation and allows
another position of the Asp, which thus can form a hydrogen bond with
the amino group of dCyt. The “same” Arg residue (R104 in dCK and
R118 in dGK) is in both enzymes responsible for interacting with the
purine base, and it is assumed that in dCK the flexibility in the active site
is such that the Arg can also adopt an extended conformation like that
found for dGK.

This very elegant explanation for the mechanism behind the
structure—activity relationships of dCK and dGK has been supported by the
construction of several different mutants in these key residues, both for
dCK (69) and the homologs Drosophila ANK (4,70, and Figs. 6 and 7).
Overall the understanding of the broad specificity of dCK has made a
fundamental advance by the structure determinations of dCK not only in
complex with dCyt and ADP-Mg?*, but also in complex with Ara-C-ADP-
Mg?* and dFdC-ADP-Mg?* (69). However, still there is no structure of
dCK interacting with a phosphate donor or a purine deoxynucleoside,
and the structure of the open conformation of dCK is not yet known.

The phosphate donors of dCK most likely bind in the opposite direction
compared to the nucleosides, and the B- and y-phosphates interact with
the Lys and Ser residues of the phosphate loop in the N-terminal and two
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arginines in the LID region (residues 186—1999) covering the active site
(4,68,69). Results regarding the effects of mutations in this region for
the specificity of dCK are described next; however, direct structure
determinations are needed to clarify the role of the LID region in
enzyme catalysis.

A large number of enzyme kinetic studies have been performed with
dCK and the reaction kinetics when studied with a wide range of substrate
concentrations follows a pattern of negative cooperativity for both the phos-
phate donor and acceptors, giving Hill coefficients >1 (1-4,71,72). The
reaction follows a random bi-bi pathway with ATP; with UTP at low nucle-
oside concentration, it appears to be ordered with the donor binding first
(70-74). This conclusion based on kinetics is difficult to explain in light of
the structure of the active site, where the deoxynucleoside is bound in the
interior and the donor supposedly binds externally (4,68,69).

Fluorescence quenching, UV difference spectroscopy and near-UV CD
spectroscopy demonstrate that substrate binding induces several different
conformational changes (72,74,75), with apparently one binding site (or
state) for the donors but two binding sites (or states) for the acceptors.
These results indicate that the enzyme may exist in different conformational
states with different affinities for the substrates, and maybe the open state
of the enzyme can bind either substrate alone nonproductively. Only when
both bind in the correct subsites simultaneously is a conformational change
induced, forming the closed catalytically competent state of dCK.

Feedback inhibitors (e.g., dCTP) act as bisubstrate analogs, binding to
both sites in the active cleft, blocking the enzyme (4,76); in case of the
Drosophila ANK enzyme, the structure of such an enzyme feedback
inhibitor complex has been solved (77). It was shown that inorganic
tripolyphosphate was a good phosphate donor for dCK when dCyt was the
acceptor but not when dAdo was the substrate (78), again indicating that
the nature of the donor and acceptor mutually affects its other capacity to
participate in the catalytic cycle.

Mouse dCK has a lower capacity to phosphorylate certain deoxynucleo-
sides (e.g., dAdo and ddC) compared with human dCK, which is one rea-
son for that these analogs are less toxic to mice than to humans. The amino
acid sequences are 93% identical between mouse and human dCK, but the
enzymes show different nucleoside substrate specificity with ATP or UTP
used as phosphate donors. The amino acids in the LID region (i.e., in the
phosphate donor site) differ in several important positions (particularly
Q179R, T184K, H187N) between the mouse and human dCK (79). If these
amino acids are changed by mutagenesis, then the specificity of the mutated
mouse dCK is indistinguishable from the normal human dCK. Introduction
of such a triple mutant (i.e., a humanized form of mouse dCK) into mice
may create a better animal model for future nucleoside drug testing.



44 Staub and Eriksson

Fig. 6. Comparison of the amino acid sequences of human dCK, dGK, and TK2 and
that of the Drosophila. Amino acids: identical read, similar: yellow. Structural motives
aa:1-10 and B: 1-5 are characteristic for dCK. (From ref. /6, with permission.)

7. dCK IN CELLS RESISTANT TO TOXIC NUCLEOSIDES

Cell lines lacking dCK are resistant to nucleoside analogs, and dCK
deficiency was shown to be a reason for ara-C, dFdC, and CdA resistance
(and crossresistance) in cultured cells (23,80-85). However, when
leukemic cells were isolated from patients with acute AML who were
resistant to ara-C, only in 1 of 16 cases showed dCK deficiency (86). In a
separate study of ara-C-resistant AML cells, several shorter dCK mRNA
variants were found, and these truncated forms of dCK mRNAs lacked one
or several exons (87). However, introduction of these alternatively spliced
forms of dCK into leukemic cells did not confer the resistance phenotype
to the transfected cells; thus, the role of alternate spliced or truncated forms
of dCK mRNA in AML cells (87) and in dFdC-resistant ovary cancers cells
(80) is still unclear.

Three-point mutations leading to inactive dCK have been defined by
reconstruction and characterization of the recombinant dCK mutants (i.e.,
G28E in the P loop, Q156R in a-helix 7, and Y99C in o-helix 4) (68,81,86).
In these cases, only the Q156R mutation is in an apparently nonconserved
residue, but o-helix 7 is responsible for the subunit interactions. Therefore,
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Fig. 7. The homodimer structure of the recombinant dCK. (From ref. 16, with
permission.)

introduction of a charged amino acid may lead to inactivating alterations in
the subunit structure of dCK. However, these defined dCK point mutations
are only found in a minor fraction of cells resistant to toxic dCK-activated
analogs. Apparently, other, more indirect and multiple alteration such as
altered splicing and translational and posttranslational mechanisms are
involved in the generation in vivo of the resistance phenotype.

In several studies, a correlation between the sensitivity of cells to nucle-
oside analogs and the level of dCK was observed (e.g., patients responding
to CdA had a somewhat higher level of dCK than nonresponders) (34,88).
However, the correlation was relatively weak, and in some studies no cor-
relation was observed (89,90). It has been shown that the pretreatment dCK
activity or mRNA levels predicted the in vivo sensitivity of transplantable
human tumors to treatment with dFdC (22). A significant predictive value
of determining the dCK and cNII 5’-nucleotidase levels in AML blast cells
at the time of diagnosis has been established in relation to the sensitivity of
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treatment of the patients with ara-C (91). Thus, it now seems clear that
determinations of dCK levels with highly sensitive and selective methods
such as quantitative real-time polymerase chain reaction in the clinical sit-
uation is of diagnostic or prognostic value when combined with other
parameters, such as the level of catabolic enzymes and other general param-
eters such as age.

Transfection experiments with dCK gene constructs have shown that
higher cellular levels of dCK give higher sensitivity of the cells to cyto-
toxic nucleosides that serve as substrates for the enzyme (25,26,92).
Therefore, dCK gene transfer to tumor cells could be a method to increase
the sensitivity for a nucleoside analog. Transfection of glioma cells with
vectors containing the dCK gene gave higher sensitivity of the transfected
cells to ara-C, and when tested in animal models, it led to tumor regression
in response to ara-C chemotherapy (26).

8. CONCLUSIONS

The role of dCK in the supply of DNA precursors is gradually being
elucidated, and new knowledge both from enzyme structure and function
studies and from studies of deoxynucleoside-resistant cells supports a key
function for this enzyme in the deoxynucleoside salvage pathway. The
involvement of dCK in liponucleotide metabolism is also obvious even
though much remains to be learned about the biological consequences of
this pathway. The posttranslational activation of dCK observed after treat-
ment of cells with DNA synthesis inhibitors appears to be a compensatory
mechanism induced by metabolic stress signals.

Cells need deoxynucleotides to repair damaged DNA; the increased dCK
activity can help supply all four dNTPs, and this may be a unique source of
DNA precursors in quiescent cells. The dCK activation process is dependent
on the intracellular Ca?* levels and normal function of the p53 protein. The
activated form of dCK seems to be an altered stable conformation of the
enzyme in which the C-terminal is differently exposed to immunoreagents.

Further studies are needed to define the molecular mechanisms responsi-
ble for the activation process, but it is clear that increased understanding in
this field may lead to the development of new drug combinations in antitu-
mor or antiviral chemotherapy. The structure of dCK was recently deter-
mined, and thus it is now possible to define some of the structure—function
relationships of this enzyme and the related expanding dNK enzyme family.
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