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A 
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AraA  1-beta-D-arabinofuranosyl-adenine 
AraC  1-beta-D-arabinofuranosyl-cytosine 
ATP  adenosine triphosphate 
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AZTMP 3’-azido-thymidine monophosphate 
B 
Bc  Bacillus cereus 
Bs  Bacillus subtilis 
BVDU  5-(2-bromovinyl)-deoxyuridine 
C 
CdA  2-chloro-deoxyadenosine 
CLL  chronic lymphocytic leukaemia 
CNT  concentrative nucleoside transporters 
Cp  Clostridium perfringens 
D 
dAdo  deoxyadenosine 
dADP  deoxyadenosine diphosphate 
dAK  deoxyadenosine kinase 
dATP  deoxyadenosine triphosphate 
dCDP  deoxycytidine diphosphate 
dCK  deoxycytidine kinase 
dCTP  deoxycytidine triphosphate 
dCyd  deoxycytidine 
Dd  Dictyostelium discoideum 
dFdC  2’,2’-difluorodeoxycytidine, gemcitabine 
dFdUMP 2’,2’-difluoro-deoxyuridine monophosphate 
dGDP  deoxyguanosine diphosphate 
dGK  deoxyguanosine kinase 
dGTP  deoxyguanosine triphosphate 
dGuo  deoxyguanosine 
Dm  Drosophila melanogaster 
dN  deoxyribonucleoside 
DNA  deoxyribonucleic acid 
dNDP  deoxynucleoside diphosphate 
dNK  deoxyribonucleoside kinase 
dNMP  deoxynucleoside monophosphate 
dNTP  deoxynucleoside triphosphate 
dTDP  thymidine diphosphate 
dThd  thymidine 
dTTP  thymidine triphosphate 
dUDP  deoxyuridine diphosphate 
dUMP  deoxyuridine monophosphate 
dUrd  deoxyuridine 
dUTP  deoxyuridine triphosphate 
E 
Ec  Escherichia coli 
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ENTs  equilibrative nucleoside transporters 
F 
F-AraA  9-beta-D-arabinofuranosyl-2-fluoroadenine, fludarabine 
F-AraAMP 9-beta-D-arabinofuranosyl-2-fluoroadenine monophosphate 
FdUMP  5-fluoro-deoxyuridine monophosphate 
FdUrd  5-fluoro-deoxyuridine 
FU  5-fluoro-uracil 
G 
GTP  guanosine-triphosphate 
H 
HIV  Human Immunodeficiency Virus 
HSV-1  Herpes simplex 1 
I 
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K 
kDa  kilo Dalton 
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MRSA  methicillin resistant Staphylococcus aureus 
N 
NDP  nucleoside diphosphate 
NDPK  nucleoside diphosphate kinase 
NMP  nucleoside monophosphate 
NTP  nucleoside triphosphate 
P 
PAGE  polyacryl amide gel electrophoresis 
PCR  polymerase chain reaction 
PBS  phosphate buffered saline 
Pm  Pasteurella multocida 
PRPP  5’-phosphoribosyl-1-pyrophosphate 
R 
RNA  ribonucleic acid 
S 
Sa  Staphylococcus aureus  
SDS  sodium dodecyl sulphate 
Se  Salmonella enterica 
Sp  Streptococcus pyogenes 
T 
TK  thymidine kinase 
TK1  thymidine kinase 1 
TK2  thymidine kinase 2 
TMPK  thymidylate kinase 
U 
Urd  uridine 
UTP  uridine triphosphate 
Y 
Ye  Yersinia enterocolitica 
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Abstract 
 

The synthesis of DNA relies on a steady supply of deoxyribonucleotides which can be 
provided either by de novo synthesis or by the salvage pathway. The key enzymes in the 
salvage of deoxyribonucleotides for DNA synthesis are the deoxyribonucleoside kinases. 
These enzymes are also the activators of many nucleoside analogs used in anti-viral and 
anti-cancer treatments. Nucleoside analogs mimic the natural DNA-precursors and 
hamper the DNA synthesis and the key metabolic processes, leading to the cell-death. 
The mammalian deoxyribonucleoside kinases have been readily studied for their 
structure-function relationship and potential to activate nucleoside analogs. However, this 
potential has not been explored in bacteria and a basic understanding of the 
deoxyribonucleoside kinase diversity in bacteria has been missing.  
 
Hereby we study the diversity of deoxyribonucleoside kinases in pathogenic Gram-
positive and Gram-negative bacteria and we show that the deoxyribonucleoside kinase 
genes found in Gram-positive bacteria were preserved in the eukaryotic social amoeba 
Dictyostelium discoideum while the genes were either lost or have gained another 
function in plants and animals. Several microbial deoxyribonucleoside kinases are over-
expressed and purified and studied for their substrate specificity, kinetics and structure-
function relationship. 
 
We show that the studied microbial deoxyribonucleoside kinases activate common 
nucleoside analogs like AZT, used for anti-HIV treatment, and gemcitabine and 
fludarabine, used for anti-cancer treatment. In addition, we also show that nucleoside 
analogs act as species specific antibiotics on several problematic pathogenic bacteria like 
Staphylococcus aureus. AZT is specific against Gram-negative bacteria whereas 
gemcitabine is specific towards Gram-positive bacteria and we identify the responsible 
deoxyribonucleoside kinases. When adult mice were infected with a fatal dose of 
Streptococcus pyogenes and afterwards received gemcitabine, they failed to develop a 
systemic infection. Nucleoside analogs therefore have a potential to become alternative 
antibiotics to combat pathogenic bacteria. In addition we show that the 
deoxyribonucleoside kinases can be a useful tool in the green chemistry approach to 
synthesize commercially interesting nucleoside phosphates. 
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Dansk Resume 
 
Syntesen af DNA er afhængig af en konstant tilførsel af deoxyribonukleotider, som enten 
dannes ved de novo syntese eller den såkaldte ”salvage pathway”. De centrale enzymer i 
salvage af deoxyribonukleotider til DNA syntese er deoxyribonukleosid kinaserne. Disse 
enzymer aktiverer også flere af de nukleosid analoger, som bruges til anti-virale og anti-
cancer behandlinger. Nukleosid analoger er efterligninger af de naturlige DNA-byggesten 
og de forpurrer DNA syntesen og andre centrale metaboliske processer, hvorved cellen 
dør. De mammale deoxyribonukleosid kinaser er grundigt studerede for deres struktur-
funktion sammenhæng og deres evne til at aktivere nukleosid analoger. Dette potentiale 
er ikke rigtigt undersøgt i mikroorganismer og en basal forståelse af diversiteten af 
deoxyribonukleosid kinaser i mikroorganismer savnes. 
 
Vi har studeret diversiteten af deoxyribonukleosid kinaser i patogene Gram-positive og 
Gram-negative bakterier, og vi viser, at de deoxyribonukleosid kinase gener, som findes i 
Gram-positive bakterier, er til stede i den eukaryote sociale amøbe Dictyostelium 
discoideum, derimod er generne enten gået tabt eller har fået en anden funktion i planter 
og dyr. Adskillige mikrobielle deoxyribonukleosid kinaser blev udtrykt og oprenset og 
studeret for substrat specificitet, kinetik og struktur-funktion forhold. 
 
Vi viser at de studerede mikrobielle deoxyribonukleosid kinaser aktiverer almindelige 
nukleosid analoger, som AZT, der bruges til anti-HIV behandling, og gemcitabine og 
fludarabine, som bruges til anti-cancer behandling. Vi viser også, at nukleosid analoger 
udviser arts-specifik antibiotisk virkning på adskillige patogene bakterier som for 
eksempel Staphylococcus aureus. AZT er specifik imod Gram-negative bakterier, 
hvorimod gemcitabine er specifik imod Gram-positive bakterier og de ansvarlige 
deoxyribonukleosid kinaser identificeres. Vi inficerede voksne mus med en dødelig dosis 
Streptococcus pyogenes og efterfølgende blev de behandlet med gemcitabine hvorved de 
undgik en systemisk infektion. Nukleosid analoger har derfor potentiale for at blive 
alternative antibiotika til behandling af patogene bakterier. Ydermere viser vi at 
deoxyribonukleosid kinaser kan fungere som katalysatorer i ”green chemistry” 
sammenhæng til syntese af kommercielt interessante nukleosid fosfater. 
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General introduction 
 

DNA synthesis as target 

Ever since the discovery that DNA is the universal molecule which carries the genetic 

information in all living organisms (Avery, Macleod, and McCarty, 1944), attempts have 

been made to block its synthesis. The main motivation for such destructive intervention 

in living cells has mainly been the desire to kill cancerous cells and block viral 

replication.  The search for the most successful ways of accomplishing proliferative arrest 

and subsequent death of the malicious cells or viruses have resulted in the discovery of 

several classes of chemotherapeutic drugs that in one way or another intervene with the 

cells DNA synthesis. One such class of compounds are the nucleoside analogs 

(Galmarini, Mackey, and Dumontet, 2002). Nucleoside analogs have several ways of 

disrupting DNA synthesis. Some analogs directly inhibit the cellular DNA polymerase or 

viral reverse transcriptase or cause termination of the chain elongation. Others also 

exhibit antimetabolite activity and inhibit key metabolic processes in the formation of 

DNA building blocks or cause imbalances in the nucleotide pools, thereby enhancing the 

cytotoxicity (Plunkett, Huang, and Gandhi, 1995). Infections by pathogenic bacteria have 

for more than half a century been fairly easy treatable due to Alexander Fleming´s 

discovery of penicillin (Fleming, 1929). However, an ever increasing resistance towards 

the commonly used antibiotics and in some severe cases to almost all known antibiotics 

urged us to investigate the possibility of employing antiviral or anticancer nucleoside 

analog drugs, already used in clinic, as antimicrobials.  

 

Deoxyribonucleosides   

DNA, deoxyribonucleic acid, is in all living organisms synthesized from 2’-

deoxyribonucleoside-5’-triphosphates (dNTPs). The central part of dNTPs is the 2’-

deoxyribonucleoside (dN) consisting of a 2’-deoxyribose and one of the three pyrimidine 

nucleobases (thymine (T), cytosine (C) or uracil (U)) or one of the two heterocyclic 

purine nucleobases (adenine (A) or guanine (G)). The pyrimidine bases are joined 

through the N-1 of the nucleobase and the purines via the N-9 in an N-glycosidic linkage 

to the C-1 of the deoxyribose (Figure 1). The combination of deoxyribose with one of the 
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nucleobases form the deoxyribonucleosides: deoxythymidine (thymidine, dThd), 

deoxycytidine (dCyd), deoxyadenosine (dAdo), deoxyguanosine (dGuo) and 

deoxyuridine (dUrd). The dUrd is not a precursor for DNA synthesis but it appears in the 

cell as a product from deamination of dCyd and from the dephosphorylation of 

deoxyuridine monophosphate (dUMP), one of the intermediates in the de novo synthesis 

thymidine triphosphate (dTTP). The 2’-deoxy- forms of the nucleosides and nucleotides 

present in DNA are not to be confused with the hydroxylated forms present in ribonucleic 

acid (RNA). 
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Figure 1. Deoxyribonucleosides, the elementary un-phosphorylated building blocks for DNA synthesis. 
Purines: dGuo and dAdo. Pyrimidines: dThd, dCyd and dUrd.  
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De novo biosynthesis of deoxyribonucleotides 

All living organisms are dependent on continuous supply of dNTPs for polymerase 

mediated replication of genetic material and DNA repair (Kornberg, 1988). Nucleoside-

5’-diphosphates (NDP) are synthesized de novo through energy demanding poly-step 

synthesis where ammonia, carbon dioxide, amino acids (aspartate and glutamine), 5’-

phosphoribosyl-1’-pyrophosphate (PRPP) and N-formoyl-tetrahydrofolate are the major 

components. The conversion of nucleoside-5’-diphosphate to 2’-deoxynucleoside-5’-

diphosphate is catalyzed by ribonucleotide reductase (Thelander and Reichard, 1979; 

Jordan and Reichard, 1998; Smith, 1995). In this manner dADP, dGDP, dCDP and dUDP 

are formed. The deoxyribonucleoside diphosphates are phosphorylated to the 

corresponding dNTPs by ribonucleoside diphosphate kinases (NDPKs). dUTP is 

dephosphorylated by dUTP-phosphorylase to dUMP which in turn is methylated to 

dTMP by thymidylate synthase. A monophosphate kinase and diphosphate kinase then 

adds the remaining two phosphates to produce the dTTP. In most organisms the vast 

majority of dNTPs are synthesized through the de novo synthesis. Thus, the central 

enzyme in the supply of dNTPs for DNA synthesis is the ribonucleotide reductase 

complex providing a linkage from nucleotides to deoxynucleotides.   

 

Salvage of deoxyribonucleosides 

A less energy demanding alternative to the de novo synthesis of deoxyribonucleotides is 

provided by the salvage pathway. Deoxyribonucleosides originating from food or 

breakdown and repair of DNA are taken up by the cells and phosphorylated to the 

corresponding tri-phosphates in a three-step pathway. Extracellularly originating dNs are 

transported into the cells cytoplasm via nucleoside specific transporters, in bacteria by the 

NupC (Craig, Zhang, and Gallagher, 1994; Saxild, Andersen, and Hammer, 1996) and 

NupG (Xie et al., 2004; Johansen et al., 2003; Patching et al., 2005) and in mammals by 

the equilibrative nucleoside transporters (ENTs) and the concentrative nucleoside 

tranporter (CNT) family of symporters to which the bacterial NupC is also a homolog 

(Cass et al., 1999). Inside the cells the first phosphorylation step is catalyzed by a 

deoxyribonucleoside kinase dNK (Arner and Eriksson, 1995; Eriksson et al., 2002) using 

usually ATP as phosphate donor (Figure 2). The charged phosphate group traps the 
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deoxyribonucleoside monophosphate (dNMP) inside the cell and allows for further 

stepwise phosphorylation by nucleoside- monophosphate kinases (NMPKs) (Van 

Rompay, Johansson, and Karlsson, 2000) and diphosphate kinases (NDPKs) (Lascu and 

Gonin, 2000; Bernard et al., 2000) to dNDPs and dNTPs. The central element of the work 

presented in this thesis is the first phosphorylation by dNKs and therefore no in-depth 

description of the subsequent steps and enzymes involved therein will be given. 

 

          
Figure 2. The deoxyribonucleoside kinase catalyzed reaction. A γ-phosphate is transferred 
from the phosphate donor, here ATP, to the 5’-hydroxyl of the dN.  

 

Human deoxyribonucleoside kinases 

For decades the human dNKs have been readily studied (for review see Arner and 

Eriksson, 1995; Eriksson et al., 2002; Sandrini and Piskur, 2005). Four enzymes with 

overlapping specificities and different subcellular localization make up the human 

repertoire of dNKs and together they constitute not only the first step in the salvage of 

dNs but also the first step in the activation of many dN based cytotoxic drugs used in 

chemotherapy (Munch-Petersen and Piskur, 2006). The presence of four dNKs seem to 

be common in mammals (Arner and Eriksson, 1995). In the following sections, the major 

outlines of these four important enzymes will be given.  

 

TK1 

The human cytosolic thymidine kinase 1 (TK1) (EC 2.7.1.21) is a cell cycle regulated 

enzyme expressed during the S-phase of mitotic cells (Sherley and Kelly, 1988) and has 

an uncompromising specificity for dThd and dUrd (Munch-Petersen et al., 1991). The 

TK1 enzyme appears to take the conformation of either homo dimers or homo tetramers 

and the tetrameric form is induced by ATP thereby lowering the enzymes Km for dThd 

from 15 μM in the homo dimer to 0.5 μM in the tetramer (Munch-Petersen, Tyrsted, and 

Cloos, 1993). Human TK1 is the activator of several nucleoside analogs such as the anti-

ATP ADP HO 

O 

HO 
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HO
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O
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HIV drug 3’-azido-3’deoxythymidine (Retrovir, AZT) and the commonly used cytostatic 

drug  5-fluoro deoxyuridine (FdUrd)  (Munch-Petersen et al., 1991).  

The recent publication of the human TK1 crystal structure also showed a tetrameric 

enzyme with a completely new monomer fold (Welin et al., 2004) that has revolutionized 

our conception of the evolutionary origin of dNKs (reviewed in the present thesis, 

Sandrini and Piskur, 2005). The structure also elucidated the molecular background for 

the strict specificity of TK1; inside the tight rigid substrate binding pocket all substrate 

interactions are to the polypeptide backbone of the enzyme and not to the residual side-

chains (Welin et al., 2004; Birringer et al., 2005). 

 

TK2 

Human thymidine kinase 2 (TK2) (EC 2.7.1.21) is responsible for the phosphorylation of 

pyrimidine based dNs in the mitochondria and unlike TK1, TK2 has a broader substrate 

specificity and phosphorylates dThd, dUrd and also dCyd (Munch-Petersen et al., 1991). 

Even if the activity of TK2 for dThd and dCyd barely resembles that of TK1 for dThd 

and dCK for dCyd, TK2 has proven to be important for the integrity of mitochondrial 

DNA since TK2 deficiency has been linked to the mitochondrial DNA depletion 

syndrome (MDS) associated with severe myopathy (Saada et al., 2001). 5-(2-

bromovinyl)-deoxyuridine (BVDU) is specifically phosphorylated by TK2 and an assay 

based on BVDU for measuring TK2 activity in mitochondria has recently been proposed 

(Franzolin et al., 2006). So far, no three dimensional structure of the functional TK2 

enzyme has been published. However, the Drosophila melanogaster dNK (DmdNK) is 

closely related to TK2 and thus the TK2 structure is believed to be very similar to that of 

DmdNK (Johansson et al., 2001; Piskur et al., 2004; Sandrini and Piskur, 2005). 

 

dCK 

Human deoxycytidine kinase (dCK) (EC 2.7.1.74) has the broadest specificity of the four 

human dNKs. The dCK has, as the name implies, the highest specificity for dCyd. 

However, dAdo and dGuo are also efficiently phosphorylated by dCK (Chottiner et al., 

1991). Because of the broad specificity, dCK is also the activator of many dNs used anti-

cancer or anti-viral chemotherapy. The most important nucleoside analogs 
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phosphorylated by dCK are the 1-beta-D-arabinofuranosylcytosine (araC), 2’,2’-diflouro-

deoxycytidine (gemcitabine, dFdC), 9-beta-D-arabinofuranosyl-2-fluoroadenine 

(fludarabine, F-araA) and 2-chloro-deoxyadenosine (cladribine, CdA) (Ruiz van Haperen 

and Peters, 1994; Munch-Petersen and Piskur, 2006).  

The crystal structure of human dCK was recently solved and showed a dimeric enzyme 

with the same overall fold as the DmdNK and human deoxyguanosine kinase (Sabini et 

al., 2003).  

 

dGK 

Human deoxyguanosine kinase dGK (EC 2.7.1.113) is a purine specific dNK 

phosphorylating dGuo and dAdo (Wang, Hellman, and Eriksson, 1996; Johansson and 

Karlsson, 1996). dGK deficiency has, like TK2 deficency, been linked to MDS but where 

the TK2 deficiency manifests as severe myopathy, dGK deficiency is associated with 

hepatocerebral MDS (Wang and Eriksson, 2003; Elpeleg, Mandel, and Saada, 2002; 

Mandel et al., 2001).  

The three dimensional crystal structure of dGK was the first to be solved for human 

dNKs (Johansson et al., 2001). The structure served, together with the DmdNK, as a 

model for directed evolutionary studies of the substrate specificity of DmdNK showing 

that a limited number of mutations could completely change the enzymatic preference 

from pyrimidines to purines (Knecht et al., 2002b). The structures of the DmdNK, dCK 

and dGK enzymes are highly similar and all have a substrate binding pocket that offers 

great plasticity and with respect to the possible amino acid residues that could be 

exchanged  (Johansson et al., 2001; Sabini et al., 2003) 

 

Multisubstrate dNKs 

In contrast to the kinase organization in humans and other mammals, insects like the fruit 

fly D. melanogaster only have one dNK which phosphorylates all natural dNs with high 

efficiency (Munch-Petersen, Piskur, and Sondergaard, 1998; Munch-Petersen et al., 

2000). The DmdNK (EC 2.7.1.145) is a dimer with a monomer size of 29 kDa and the 

protein is closely related to human TK2 (Knecht et al., 2002a; Munch-Petersen et al., 

2000). The DmdNK has been readily studied because of its diverse functionality and its 



Chapter I                                                                                                        General Introduction 

   
18 

high catalytic efficiency, not only with the natural substrates but also with a variety of 

anti-viral and anti-cancer drugs and the DmdNK is continuously being investigated for its 

potential use in suicide gene therapy (Zheng, Johansson, and Karlsson, 2001; Munch-

Petersen et al., 2000; Knecht, Munch-Petersen, and Piskur, 2000). As mentioned 

previously, the crystal structure of DmdNK served as search model to solve the first 

human dNK structure (Johansson et al., 2001) and has been of great importance in the 

elucidation of the structure-function relationship among dNKs. Multisubstrate dNKs have 

also been cloned and characterized from the silk worm Bombyx mori and the malaria 

mosquito Anopheles gambiae (Knecht et al., 2002a; Knecht et al., 2003). 

  

Deoxyribonucleoside kinases in bacteria 

While the scientific work on mammalian and insect dNKs seem to have been largely 

driven by medical interests, the research on dNKs in bacteria and other unicellular 

organisms has been greatly neglected and up until today, no Gram-positive bacterium has 

had all of its dNKs characterized in detail. Most of the work available on bacterial dNKs 

has been on model organisms such as Escherichia coli, Bacillus subtilis and 

Lactobacillus acidophilus and while it is well established that TK activity seems almost 

ubiquitous, the knowledge on other dNK activities and the distribution of the 

corresponding genes has not been elucidated. Therefore, no clear picture on the 

organization and evolution of dNK genes in bacteria exist. In the following sections, the 

different types of kinases that are found in bacteria will be described.  

  

TK 

Thymidine kinase activity has been measured in a wide variety of bacteria and with the 

exception of a few groups that include important pathogens i.e. Pseudomonas sp., 

Mycobacterium sp. and Vibrio sp. the activity seem to be well represented in most 

bacteria (Saito and Tomioka, 1984; Saito, Tomioka, and Ohkido, 1985).  

 

Native E. coli TK has been purified and characterized (Okazaki and Kornberg, 1964a; 

Okazaki and Kornberg, 1964b) and shown be specific for dThd and dUrd. The TK 

encoding tdk gene was cloned and shown to encode a 205 amino acids long protein which 
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has a calculated molecular weight of  23.5 kDa. In its native form the E. coli TK is 

believed to be a tetrameric enzyme (Black and Hruby, 1991) which is consistent with 

results on the thermostable TK from the Gram-negative Rhodothermus marinus (Blondal 

et al., 1999). However, to our best knowledge the only thorough biochemical 

characterization of a Gram-negative TK is that of E. coli TK (Okazaki and Kornberg, 

1964a; Okazaki and Kornberg, 1964b; Elwell et al., 1987). Similarly, the only 

biochemical characterization of a TK representing the Gram-positive bacteria is from 

Ureaplasma urealyticum (Carnrot et al., 2003). The U. urealyticum TK is the only 

bacterial TK to date that has been crystallized and the three dimensional structure 

published (Welin et al., 2004). Both E. coli TK and U. urealyticum TK have been shown 

to phosphorylate AZT (Elwell et al., 1987; Carnrot et al., 2003) and they are both 

homologues to human TK1. 

 

dAK/dGK/dCK 

Whereas E. coli is deficient of any other dNK activities than encoded by the tdk gene, 

genes encoding other dNK activities have been reported from B. subtilis, L. acidophilus 

R-26 and Mycoplasma mycoides (Mollgaard, 1980; Andersen and Neuhard, 2001; Ives 

and Ikeda, 1998; Wang et al., 2001). In addition to a TK, these organisms also encode at 

least one other dNK which together with the TK can phosphorylate all naturally occurring 

dNs.  

 

In B. subtilis, two genes, yaaF and yaaG, encode the dAK/dCK and dGK kinases, 

respectively. The dAK/dCK enzyme phosphorylates dAdo and dCyd while dGK is 

specific for dGuo (Mollgaard, 1980; Andersen and Neuhard, 2001). It has been suggested 

that the phosphate donors for these reactions in B. subtilis are GTP and UTP rather than 

ATP. Furthermore, the enzymes are inhibited by their end-products, dGK by dGTP and 

dAK/dCK by dATP and dCTP (Mollgaard, 1980; Andersen and Neuhard, 2001).  

 

L. acidophilus R-26 lacks the ribonucleotide reductase and is consequently deficient in 

the de novo synthesis of dNTPs. Thus, L. acidophilus relies completely on the salvage of 

dNs. In L. acidophilus the dNK organization is rather complicated (for review see Ives 
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and Ikeda, 1998). In addition to the TK, two hetero dimeric enzymes consisting of three 

different subunits phosphorylate the remaining dNs. The three subunits of the dAK/dCK 

and dAK/dGK are encoded by the dak and dgk genes. The dgk gene encodes the dGK 

subunit and the dCK subunit is formed through an unknown mechanism in which 

residues 2 and 3 from the N-terminus of dGK are excised (Figure 3). Therefore, the 

amino acid sequences of the dGK and dCK subunits are identical except for the two 

missing residues at the very beginning and heterologous expression of the dgk gene in E. 

coli only provides the dGK subunit. The dCK subunit has been expressed recombinantly 

as a mutant form of the dgk gene. The dAK gene encodes the dAK subunit, which is 

inactive unless associated with either the dGK or the dCK subunit. Each of the dGK, dCK 

and dAK subunits are highly specific towards dGuo, dCyd and dAdo, respectively.  

 
                   10        20        30        40        50        60        70   
          ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
LadGK     MTVIVLSGPIGAGKSSLTGILSKYLGTNPFYESVDDNPVLPLFYENPKKYAFLLQVYFLNTRFRSIKSAL  
LadCK     M--IVLSGPIGAGKSSLTGILSKYLGTNPFYESVDDNPVLPLFYENPKKYAFLLQVYFLNTRFRSIKSAL  
LadAK     MTVIVLSGPIGAGKSSLTSLLAEHLGTQAFYEGVDNNPILPLYYKDMAHYTFLLNTYLLNHRLAQINQAI  
 
                   80        90       100       110       120       130       140   
          ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
LadGK     TDDNNVLDRSIYEDALFFQMNADIGRATPEEVDTYYELLHNMMSELDRMPKKNPDLLVHIDVSYDTMLKR  
LadCK     TDDNNVLDRSIYEDALFFQMNADIGRATPEEVDTYYELLHNMMSELDRMPKKNPDLLVHIDVSYDTMLKR  
LadAK     RDHNSVSDRSIYEDALFFKMNVDSGIADPTEFKIYDSLLENMMEQAPGNPSKKPDLLIYIHVSLDTMLHR  
 
                  150       160       170       180       190       200       210   
          ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
LadGK     IQKRGRNYEQLSYDPTLEDYYKRLLRYYKPWYAKYDYSPKMTIDGDKLDFMASEEDRQEVLNQIVAKLKE  
LadCK     IQKRGRNYEQLSYDPTLEDYYKRLLRYYKPWYAKYDYSPKMTIDGDKLDFMASEEDRQEVLNQIVAKLKE  
LadAK     IQKRGRKFEQLSTDPSLKDYYARLLSYYEPWYEKYNASPKMMIDGDKYDFVANEDARRKVINAIDQKLID  
 
                  220  
          ....|....|.... 
LadGK     MGKLEDDWKPNLVK  
LadCK     MGKLEDDWKPNLVK  
LadAK     IGNLN---------  
 

Figure 3. Multiple alignment of the L. acidophilus dNKs. The dCK subunit is produced by excision of the 
second and third amino acid from the dGK subunit. 
 

Another group of organism deficient in the de novo synthesis of DNA precursors is the 

group of mollicutes to which the Mycoplasmas belong. They must also rely on a steady 

supply of dNTPs through the salvage of dNs.   

Whereas the previously described B. subtilis and L. acidophilus have three different dNK 

encoding genes, only two can be found in M. mycoides. A TK similar to the U. 
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urealyticum TK has been identified, but remains uncharacterized, and a dAK has been 

cloned and characterized (Wang et al., 2001). The M. mycoides dAK is a 24.3 kDa 

enzyme which phosphorylates dAdo, dCyd and dGuo with almost equivalent efficiency 

and homologs of the dAK have been identified in several other Mycoplasmas (Wang et 

al., 2001).  

 

It should now be evident that the number and specificity of dNKs vary from one species 

to another. The wide distribution and the varying substrate specificity make these 

enzymes ideal candidates for studying evolutionary events i.e. gene duplications, 

specialization, horizontal transfer and lineage specific gene loss. Several chapters in this 

thesis concern the evolution of dNKs. 

 

HSV-1 TK 

Many viruses also have the potential to encode dNKs, i.e the Herpes simplex 1 TK (HSV-

1 TK), but because of the promiscuous nature of viruses we do not consider them good 

markers in evolutionary aspects. The HSV-1 TK has been extensively studied because of 

its adverse substrate preference for acyclic purine analogs i.e. acyclovir (Zovir®) and 

ganciclovir and use in suicide gene therapy (Kokoris and Black, 2002). However, the 

HSV-1 TK should only be mentioned here because of its adverse phylogenetic properties 

making it ideal as outgroup for the other dNKs. The HSV-1 TK is not related to human 

TK1 and only distantly to human TK2. 

 

Anti-viral and anti-cancer nucleoside analogs. 

Nucleoside analogs with modifications to the nucleobase or the ribose moiety have been 

greatly explored for their anti-proliferative properties in conjunction with anti-viral or 

anti-cancer treatment (Galmarini, Mackey, and Dumontet, 2002; De Clercq, 2004). 

Generally the analogs are pro-drugs that have to be activated through phosphorylation 

inside the cell in order to achieve the anti-proliferative effect. The phosphorylation also 

traps the analog inside the cell due to the added negative charge of the phosphate. There 

are several different ways in which DNA synthesis is hampered by nucleoside analogs. 

Many analogs have bulky substitutions on the ribose moiety, often in the 2’ or 3’ 
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position, resulting in the termination of chain elongation during DNA synthesis by the 

DNA-polymerase or reverse transcriptase. Others have substitutions on the nucleobase 

leading to the inhibition or impaired function of the DNA-polymerase and additionally 

some analogs also inhibit the supply of dNTPs for DNA-synthesis thereby enhancing the 

effect on the polymerase. The following sections briefly describe four different 

nucleoside analogs and their method of action.  

 

Zidovudine, AZT 

3’-azido-2’,3’-dideoxythymidine (AZT, zidovudine) (Figure 4) was the first anti-

retroviral thymidine analog approved for treatment of HIV infection and AIDS. In 

humans AZT is activated through the phosphorylation by TK1 and there is evidence that 

also TK2 can phosphorylate AZT (Furman et al., 1986; Munch-Petersen et al., 1991; 

Wang et al., 1999). Two additional phosphorylation steps by thymidylate kinase (TMPK) 

and NDPK renders AZT-monophosphate (AZTMP) into its pharmacologically active 

triphosphorylated form (Furman et al., 1986). The phosphorylation step by TMPK is not 

very efficient in humans and is considered the bottleneck of AZT activation (Lavie et al., 

1997; Van Rompay, Johansson, and Karlsson, 2000). AZT-triphosphate inhibits HIV 

reverse transcriptase and blocks viral replication and thereby propagation (Mitsuya et al., 

1985).  
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AZT  
  Figure 4. Chemical structure of the anti-retroviral drug ziduvudine, AZT.  

 

It has been shown that AIDS patients receiving AZT treatment have a low recurrence of 

Salmonella bacteremia and that AZT is phosphorylated in E. coli by the endogenous TK 

(Elwell et al., 1987; Casado et al., 1999; Sanchez-Carrillo et al., 1996). Furthermore, 
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AZT has been shown to have potent bactericidal activity against several bacteria 

belonging to the Enterobacteriaceae (Elwell et al., 1987).  

 

Gemcitabine, dFdC 

2’,2’-difluorodeoxycytidine (gemcitabine, dFdC) is a fluoro substituted cytidine analog 

successfully used in the treatment of several cancers (Toschi et al., 2005) (Figure 5). In 

the human cell, gemcitabine is dependent on activation via phosphorylation by dCK to 

gemcitabine monophosphate (Bouffard, Laliberte, and Momparler, 1993). Further 

metabolism leads to the formation of the diphosphate and triphosphate and the 

triphosphate acts as an inhibitor of DNA replication. After the incorporation of  

gemcitabine triphosphate into the DNA, the polymerase adds one more dNTP after which 

the chain elongation is halted leading to apoptosis (Huang et al., 1991; Huang and 

Plunkett, 1995). In addition to directly inhibiting the chain elongation, the efficacy of 

gemcitabine is self potentiated by the inhibition of the de novo dNTP synthesis.  
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Gemcitabine  
 Figure 5. Chemical structure of the anti-cancer drug gemcitabine (dFdC). 

 

Gemcitabine diphosphate inhibits ribonucleotide reductase and thereby blocks the 

synthesis of dNDPs that goes into the pool of dNTPs for DNA synthesis and repair and 

the consequently lower intracellular dCTP concentration increases the incorporation of 

gemcitabine triphosphate into DNA (Shao et al., 2006). Deamination by deoxycytidine 

deaminase and deoxycytidylate deaminase to the pharmacologically inactive 2’,2’-

difluorodeoxyuridine (dFdU) and dFdU-monophosphate (dFdUMP) is the largest 

contributor to inactivation of the drug (Bergman, Pinedo, and Peters, 2002) and therefore 

the length of the period during which the drug is administered is as important as the dose 
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(usually 30 min. infusion of 1000 mg/m2). Prolonged infusion of 10 mg/m2/min has been 

shown to generate plasma concentrations of 15 to 20 μM gemcitabine (Johnson, 2000).   

 

Floxuridine, FdUrd 

The antimetabolite action of 5-fluoro-2’-deoxyuridine (floxuridine, FdUrd) (Figure 6) has 

been known and exploited for decades and today it is used for hepatic infusions against 

colorectal cancer (Van Laar et al., 1998). Activation of FdUrd occurs through 

phosphorylation by TK1 to 5-fluoro-2’-deoxyuridine monophosphate (FdUMP) (Munch-

Petersen et al., 1991). The primary toxicity of FdUrd results from the irreversible 

inhibition of thymidylate synthase by FdUMP, causing disruption of the de novo 

synthesis of dTMP (Santi, McHenry, and Sommer, 1974; Van Laar et al., 1998). 

However, degradation to 5-fluorouracil (FU) by thymidine phosphorylase is rapid and a 

large amount of FdUrd takes this path rather than the direct phosphorylation by TK1. 

Metabolites of FU also exhibit its toxic effect primarily by causing the inhibition of 

thymidylate synthase (Van Laar et al., 1998; Noordhuis et al., 2004; Pinedo and Peters, 

1988).   

Inhibition of E. coli thymidylate synthase by FdUMP has also been shown to inhibit 

growth of the bacterium (Cohen et al., 1958) and FdUrd has during the years been 

valuable in the elucidation pyrimidine metabolism (Beck et al., 1972). 
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FdUrd  
  Figure 6. Chemical structure of the anti-cancer drug floxuridine, FdUrd 
 
 

Fludarabine, F-araA 

9-beta-D-arabinofuranosyl-2-fluoroadenine (fludarabine, F-araA) is a successful anti-

leukaemic drug used for treatment of B-cell chronic lymphocytic leukaemia (CLL) 
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(Plunkett, Huang, and Gandhi, 1990; Keating et al., 1989). The nucleoside analog is a 

fluorinated adenine analog and contains an arabinose moiety instead of the usual ribose 

(Figure 7). As an adenine analog, solubility is low and F-araA is usually administered in 

the monophosphorylated (F-AraAMP) form (Plunkett, Huang, and Gandhi, 1990). The 

phosphate increases solubility to an acceptable pharmacological level suitable for the 

infusion. In the blood stream, phosphatases remove the phosphate again, allowing for the 

passage over the cell membrane and activation of F-AraA inside the cell by dCK 

(Malspeis et al., 1990). F-AraA triphosphate is in direct competition with dATP for DNA 

synthesis and the toxicity of F-AraA is mainly caused by inhibition of DNA synthesis. 

However, F-araA also inhibits RNA synthesis and is self potentiating through the 

inhibition of ribonucleotide reductase and deoxyadenosine diphosphate (dADP) 

formation (Huang et al., 2000; Huang, Chubb, and Plunkett, 1990; Huang and Plunkett, 

1991).  
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  Figure 7. Chemical structure of the anti-leukaemia drug fludarabine (F-araA). 
 
 
 
Antibiotic resistance in pathogenic bacteria 

Pathogenic microorganisms belonging to the Gram-negative and the Gram-positive 

bacteria are becoming a serious threat to human health (Jones and Pfaller, 1998; 

Baggesen, Sandvang, and Aarestrup, 2000; Rice, 2006; Alekshun and Levy, 2006). 

Control of the growth of pathogenic bacteria through the use of antibiotics has been of 

utmost importance for more than half a century. However, with the introduction of 

antibiotics followed also the antibiotic resistance. Penicillin G was first introduced in the 

early 1940s and already by 1948 50% of the Staphylocuccus aureus strains isolated in 

hospitals were resistant and the resistance continued to spread and today more than 95% 
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of the S. aureus strains isolated world wide are resistant to penicillin (Neu, 1992; Lowy, 

2003; Schito, 2006). However, several other antibiotics belonging to the beta-lactams and 

other classes were soon discovered. Synthetic beta-lactamase resistant penicillin analogs 

like methicillin were initially successful. However, the resistance came quickly and 

conferred not only resistance towards the methicillin but to all beta-lactams. Therefore,  

methicillin resistant S. aureus (MRSA) is resistant to all beta-lactams and now cause 

serious problems in both hospital- and community settings (Zetola et al., 2005; Rice, 

2006).  

 

The main classes of antibiotics including the beta-lactams (penicillin, ampecillin, 

methicillin, etc.) and glycopeptides (vancomycin) target the synthesis of the bacterial 

cell-wall (Table 1). Others take aim at the protein synthesis in bacteria i.e. tetracyclines, 

chloramphenicol and oxazolidinones, or have antimetabolite properties that interfere with 

nucleic acids synthesis i.e. rifampicin and quinolones (Hancock, 2005). Up until now, 

research has been one step ahead of the emerging resistant pathogenic bacteria, providing 

new solutions for the effective treatment. However, we are now experiencing desperate 

clinicians encountering an ever growing amount of resistances (Neu, 1992; Wise, 2004).  
 
Table 1. Antimicrobial mechanism of action for a wide variety of 
important antibiotics (Neu, 1992; Hancock, 2005). 

Antibiotic Mechanism of action 
Penicillins 

Cephalosporins 
Carbapenems 
Vancomycin 

 
Inhibits cell wall synthesis 

  
Quinolones 
Rifampicin 

Inhibits nucleic acids 
synthesis 

  
Tetracyclines 

Chloramphenicol 
Erythromycin 
Clindamycin 

Spectinomycin 

 
 

Inhibits protein synthesis 

  
Daptomycin Damages cytoplasmic 

membrane 
  

Linezolid Inhibits protein synthesis 
Quinupristin-dalfopristin  
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Today, many pathogenic bacteria have developed resistance towards almost all known 

antibiotics and only very few new classes of antibiotics have been discovered during the 

past 40 years (Hancock, 2005; Brown, 2006). Therefore, there is an urgent need to 

discover or develop new antibiotics for the future. However, it may well be that the 

antibiotic properties of some already developed compounds have been overseen. 
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The present investigation 

Aim of this study 

The aim of this study was to investigate if nucleoside analog drugs, used for the treatment 

of viral infections and cancerous diseases, could be used as antibiotics to kill pathogenic 

bacteria and furthermore to identify and characterize the dNKs responsible for the 

activation of the analogs in the bacteria. In addition, the aim was also to elucidate the 

diversity of dNKs in microorganisms in order to better understand the evolutionary 

relationship between eukaryotic dNKs and prokaryotic dNKs.  

 

Summary of papers 

The present thesis is based on eight original publications and manuscripts as summarized 

below.  

 

Paper I 

Piskur J., Sandrini M.P.B., Knecht W., and Munch-Petersen B. (2004) “Animal 

deoxyribonucleoside kinases: “forward” and “retrograde” evolution of their 

substrate specificity.” FEBS lett. 560 (1-3) 3-6. 

The evolution of dNKs leading to the four dNKs present in mammals is reviewed and we 

speculate that the first eukaryotes had one TK1-like kinase and an early version of what 

has become the TK2/dCK/dGK kinases in mammals. Based on phylogenetic analysis of 

animal dNKs we also speculate that the insect multi substrate dNK results from the loss 

of several other kinases in the insect lineage and subsequent retrograde evolution and 

broadening of the dN specificity of the remaining dNK. 

 

Paper II 

Sandrini M.P.B. and Piskur J. (2005) “Deoxyribonucleoside kinases: two enzyme 

families catalyze the same reaction.” Trends Biochem. Sci. 30 (5) 225-228. 

Human dGK, dCK, TK1 and D. melanogaster dNK, which is closely related to TK2, has 

been crystallized and the three dimensional structure solved. We review the structural 

differences between the dNKs. The non-TK1-like has the same overall scaffold similar to 

the NMPKs while the TK1-like enzymes have a completely different scaffold containing 
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a structural zinc. The binding of dNs is completely different from the two types of 

structures. The substrate binding site in non-TK1-like enzymes is rather flexible and 

could easily be modified to accommodate other substrates while the structure of the TK1-

like type is rather rigid with respect to substrate binding; all substrate interactions are 

through the backbone.  

 

Paper III 

Sandrini M.P.B., Clausen A.R., Munch-Petersen B., and Piskur J. (2006) 

“Thymidine kinase diversity in bacteria.” Nucleosides, nucleotides and nucleic acids. 

25 1153-1158. 

Thymidine kinases are almost ubiquitously found in all living organisms. However, their 

phylogenetic relationship has not yet been elucidated. Vast amounts of genomic sequence 

data from a variety of organisms has been made available to the community through 

sequencing projects. Using the available genomic sequences of prokaryotes, we identified 

putative TKs from several bacteria and showed that they could be phylogenetically 

divided into TK1-like kinases of either the Gram-positive- or the Gram-negative type and 

we showed that the TK1-like enzymes from Gram-positive bacteria are phylogenetically 

closer to eukaryotic TK1s than the Gram-negative TK1-like enzymes. In addition, we 

present the horizontal transfer of TKs from Gram-negative bacteria to Gram-positive 

bacteria. 

 

Paper IV (Manuscript) 

Sandrini M.P.B., Söderbom F., Mikkelsen N.E., Piskur J. “Dictyostelium discoideum 

salvages purine deoxyribonucleosides by highly specific bacteria like 

deoxyribonucleoside kinases.” J. Mol. Biol., In press.  

From the phylogenetic perspective, there is a large gap in our knowledge of dN salvage in 

the early eukaryote branches. In crude extracts of the eukaryotic unicellular social 

amoeba Dictyostelium discoideum we were able to measure the phosphorylation of dAdo, 

dThd, dCyd and dGuo. Three dNKs were cloned and characterized, DdTK1, DddAK and 

DddGK. To our surprise, the phylogenetic relationship and biochemical properties of two 

of the cloned kinases, DddAK and DddGK, were distinct from the human dCK/dGK/TK2 
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kinases and they were in fact closer related to the bacterial dAK and dGK kinases and 

this is the first report of such dNKs in a eukaryotic organism. DddGK was specific for 

dGuo while DddAK was specific for dAdo and in addition also phosphorylated F-araA 

efficiently. By modelling of the DddAK active center with dAdo, dGuo and F-araA 

bound we also propose the molecular background for the specificity of the dAK. Based 

on our discoveries we suggest the use of the DddAK enzyme in the synthesis of F-

araAMP, a drug used for anti-leukaemia treatment.  

 

Paper V (manuscript) 

Sandrini M.P.B., Clausen A.R., On S.L., Aarestrup F.M., Munch-Petersen B., 

Piskur J. “Nucleoside analogs are activated by bacterial deoxyribonucleoside 

kinases and can serve as species specific antibiotics.” Manuscript.  

Twenty five pathogenic bacterial isolates and type strains covering both Gram-positive 

and Gram-negative genera were screened for their susceptibility towards common 

(deoxy)-nucleoside analogs used for anti-viral or anti-cancer treatment. We showed that 

AZT is specific against Gram-negative bacteria and gemcitabine effectively kills Gram-

positive bacteria. We sub-cloned the dNKs from Bacillus cereus, Salmonella enterica, 

Clostridium perfringens, Listeria monocytogenes, Yersinia enterocolitica and Pasteurella 

multocida and showed that the lethal effect of AZT and gemcitabine in these bacteria is 

mediated in a species specific manner by endogenously encoded dNKs. Finally we 

characterized recombinant dNKs from S. enterica and B. cereus and showed that TKs 

from both S. enterica and B. cereus efficiently phosphorylate AZT and B. cereus dAK 

phosphorylate gemcitabine. The reported study shows that bacterial dNKs could activate 

anti-viral and anti-cancer drugs and the drugs have the potential to be employed as 

species specific antibiotics. 

 

Paper VI (manuscript) 

Sandrini M.P.B., Clausen A.R., Shannon O., Björck L., Piskur J. 

“Deoxyribonucleoside  kinases activate nucleoside based antibiotics in clinically 

important staphylococci and streptococci.” Manuscript. 
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Earlier experiments showed that gemcitabine, an effective anti-cancer drug, was also an 

effective antibiotic against many Gram-positive bacteria (Paper V). We therefore 

analyzed the susceptibility of the common multi resistant Staphylococcus aureus and the 

hyper invasive Streptococcus pyogenes strain AP1 and showed that both were susceptible 

during the growth phase. In vitro susceptibility tests of S. aureus and S. pyogenes dNKs 

in combination with biochemical characterization of S. aureus TK, dAK and dGK 

showed that the dAK enzymes were responsible for the activation of gemcitabine and that 

the phosphorylation of gemcitabine followed ordinary hyperbolic Michaelis-Menten 

kinetics. A murine model of S. pyogenes AP1 infection was used to show that systemic 

spread of the infection was abolished when treated with gemcitabine and 83% of the 

animals treated with gemcitabine survived an infection by an otherwise deadly dose of S. 

pyogenes. We conclude that gemcitabine and other nucleoside analogs have an 

antimicrobial potential and could be used as antibiotics for the treatment of deadly 

infections by multiresistant pathogenic bacteria. 

 

Papers in the Appendix. 

In the Appendix two other papers that partially result from this project can be found. 

 

Paper VII  

Kosinska U., Carnrot C., Sandrini M.P.B., Clausen A.R., Wang L., Piskur J., 

Eriksson S., Eklund H. (2007) “Structural studies of thymidine kinases from 

Bacillus anthracis and Bacillus cereus provide insights into quaternary structure 

and conformational changes upon substrate binding.”. FEBS J. 274 (3) 727-737. 

 

Paper VIII 

Clausen A.R., Matakos A., Sandrini M.P.B., and Piskur J. (2006) “Thymidine 

kinases in archea.” Nucleosides, nucleotides and nucleic acids. 25 1159-1163. 

 



Chapter I                                                                                    References 

   
32 

References 
 
Alekshun, M.N., Levy, S.B. (2006) Commensals upon us. Biochem.Pharmacol. 71: 893-
900. 

Andersen, R.B., Neuhard, J. (2001) Deoxynucleoside kinases encoded by the yaaG and 
yaaF genes of Bacillus subtilis. Substrate specificity and kinetic analysis of 
deoxyguanosine kinase with UTP as the preferred phosphate donor. J.Biol.Chem. 276: 
5518-5524. 

Arner, E.S.J., Eriksson, S. (1995) Mammalian Deoxyribonucleoside Kinases. 
Pharmacology & Therapeutics 67: 155-186. 

Avery, O.T., Macleod, C.M., and McCarty, M. (1944) Studies on the chemical nature of 
the substance inducing transformation of peumococcal types. Induction of transformation 
by a desoxyribonucleic acid fraction isolated from Pneumococcus type III. The Journal of 
Experimental Medicine 79: 137-158. 

Baggesen, D.L., Sandvang, D., and Aarestrup, F.M. (2000) Characterization of 
Salmonella enterica serovar typhimurium DT104 isolated from Denmark and comparison 
with isolates from Europe and the United States. J Clin.Microbiol. 38: 1581-1586. 

Beck, C.F., Ingraham, J.L., Neuhard, J., and Thomassen, E. (1972) Metabolism of 
pyrimidines and pyrimidine nucleosides by Salmonella typhimurium. J.Bacteriol. 110: 
219-228. 

Bergman, A.M., Pinedo, H.M., and Peters, G.J. (2002) Determinants of resistance to 2',2'-
difluorodeoxycytidine (gemcitabine). Drug Resist.Updat. 5: 19-33. 

Bernard, M.A., Ray, N.B., Olcott, M.C., Hendricks, S.P., and Mathews, C.K. (2000) 
Metabolic functions of microbial nucleoside diphosphate kinases. J.Bioenerg.Biomembr. 
32: 259-267. 

Birringer, M.S., Claus, M.T., Folkers, G., Kloer, D.P., Schulz, G.E., and Scapozza, L. 
(2005) Structure of a type II thymidine kinase with bound dTTP. FEBS Lett. 579: 1376-
1382. 

Black, M.E., Hruby, D.E. (1991) Nucleotide sequence of the Escherichia coli thymidine 
kinase gene provides evidence for conservation of functional domains and quaternary 
structure. Mol.Microbiol. 5: 373-379. 

Blondal, T., Thorbjarnardottir, S.H., Kieleczawa, J., Einarsson, J.M., Hjorleifsdottir, S., 
Kristjansson, J.K., and Eggertsson, G. (1999) Cloning, sequence analysis and 
overexpression of a rhodothermus marinus gene encoding a thermostable thymidine 
kinase. FEMS Microbiol.Lett. 179: 311-316. 



Chapter I                                                                                                                              References 

________________________________________________________________________ 
33 

Bouffard, D.Y., Laliberte, J., and Momparler, R.L. (1993) Kinetic studies on 2',2'-
difluorodeoxycytidine (Gemcitabine) with purified human deoxycytidine kinase and 
cytidine deaminase. Biochem.Pharmacol. 45: 1857-1861. 

Brown, E.D. (2006) Microbiology: antibiotic stops 'ping-pong' match. Nature 441: 293-
294. 

Carnrot, C., Wehelie, R., Eriksson, S., Bolske, G., and Wang, L. (2003) Molecular 
characterization of thymidine kinase from Ureaplasma urealyticum: nucleoside 
analogues as potent inhibitors of mycoplasma growth. Mol.Microbiol. 50: 771-780. 

Casado, J.L., Valdezate, S., Calderon, C., Navas, E., Frutos, B., Guerrero, A., and 
Martinez-Beltran, J. (1999) Zidovudine therapy protects against Salmonella bacteremia 
recurrence in human immunodeficiency virus-infected patients. J.Infect.Dis. 179: 1553-
1556. 

Cass, C.E., Young, J.D., Baldwin, S.A., Cabrita, M.A., Graham, K.A., Griffiths, M., 
Jennings, L.L., Mackey, J.R., Ng, A.M.L., Ritzel, M.W.L., Vickers, M.F., and Yao, 
S.Y.M. (1999) Nucleoside Transporters of Mammalian Cells. Pharm Biotechnol. 12: 
313-352. 

Chottiner, E.G., Shewach, D.S., Datta, N.S., Ashcraft, E., Gribbin, D., Ginsburg, D., Fox, 
I.H., and Mitchell, B.S. (1991) Cloning and expression of human deoxycytidine kinase 
cDNA. Proc.Natl.Acad.Sci.U.S A 88: 1531-1535. 

Cohen, S.S., Flaks, J.G., Barner, H.D., Loeb, M.R., and Lichtenstein, J. (1958) The mode 
of action of 5-fluorouracil and its derivatives. Proc.Natl.Acad.Sci.U.S A 44: 1004-1012. 

Craig, J.E., Zhang, Y., and Gallagher, M.P. (1994) Cloning of the nupC gene of 
Escherichia coli encoding a nucleoside transport system, and identification of an adjacent 
insertion element, IS 186. Mol.Microbiol. 11: 1159-1168. 

De Clercq, E. (2004) Antiviral drugs in current clinical use. J Clin.Virol. 30: 115-133. 

Elpeleg, O., Mandel, H., and Saada, A. (2002) Depletion of the other genome-
mitochondrial DNA depletion syndromes in humans. J.Mol.Med. 80: 389-396. 

Elwell, L.P., Ferone, R., Freeman, G.A., Fyfe, J.A., Hill, J.A., Ray, P.H., Richards, C.A., 
Singer, S.C., Knick, V.B., Rideout, J.L., and . (1987) Antibacterial activity and 
mechanism of action of 3'-azido-3'-deoxythymidine (BW A509U). Antimicrob.Agents 
Chemother. 31: 274-280. 

Eriksson, S., Munch-Petersen, B., Johansson, K., and Eklund, H. (2002) Structure and 
function of cellular deoxyribonucleoside kinases. Cell Mol.Life Sci. 59: 1327-1346. 

Fleming, A. (1929) On the antibacterial action of cultures of a penicillium with special 
reference to their use in the isolation of B. influenzae. British Journal of Experimental 
Pathology 10: 226-236. 



Chapter I                                                                                    References 

   
34 

Franzolin, E., Rampazzo, C., Perez-Perez, M.J., Hernandez, A.I., Balzarini, J., and 
Bianchi, V. (2006) Bromovinyl-deoxyuridine: A selective substrate for mitochondrial 
thymidine kinase in cell extracts. Biochem.Biophys.Res.Commun. 344: 30-36. 

Furman, P.A., Fyfe, J.A., St Clair, M.H., Weinhold, K., Rideout, J.L., Freeman, G.A., 
Lehrman, S.N., Bolognesi, D.P., Broder, S., Mitsuya, H., and . (1986) Phosphorylation of 
3'-azido-3'-deoxythymidine and selective interaction of the 5'-triphosphate with human 
immunodeficiency virus reverse transcriptase. Proc.Natl.Acad.Sci.U.S A 83: 8333-8337. 

Galmarini, C.M., Mackey, J.R., and Dumontet, C. (2002) Nucleoside analogues and 
nucleobases in cancer treatment. Lancet Oncol. 3: 415-424. 

Hancock, R.E. (2005) Mechanisms of action of newer antibiotics for Gram-positive 
pathogens. Lancet Infect.Dis. 5: 209-218. 

Huang, P., Chubb, S., Hertel, L.W., Grindey, G.B., and Plunkett, W. (1991) Action of 
2',2'-difluorodeoxycytidine on DNA synthesis. Cancer Res. 51: 6110-6117. 

Huang, P., Chubb, S., and Plunkett, W. (1990) Termination of DNA synthesis by 9-beta-
D-arabinofuranosyl-2-fluoroadenine. A mechanism for cytotoxicity. J Biol.Chem. 265: 
16617-16625. 

Huang, P., Plunkett, W. (1991) Action of 9-beta-D-arabinofuranosyl-2-fluoroadenine on 
RNA metabolism. Mol.Pharmacol. 39: 449-455. 

Huang, P., Plunkett, W. (1995) Fludarabine- and gemcitabine-induced apoptosis: 
incorporation of analogs into DNA is a critical event. Cancer Chemother.Pharmacol. 36: 
181-188. 

Huang, P., Sandoval, A., Van Den, N.E., Keating, M.J., and Plunkett, W. (2000) 
Inhibition of RNA transcription: a biochemical mechanism of action against chronic 
lymphocytic leukemia cells by fludarabine. Leukemia 14: 1405-1413. 

Ives, D.H., Ikeda, S. (1998) Life on the salvage path: the deoxynucleoside kinase of 
Lactobacillus acidophilus R-26. Prog.Nucleic Acid Res.Mol.Biol. 59: 205-255. 

Johansen, L.E., Nygaard, P., Lassen, C., Agerso, Y., and Saxild, H.H. (2003) Definition 
of a second Bacillus subtilis pur regulon comprising the pur and xpt-pbuX operons plus 
pbuG, nupG (yxjA), and pbuE (ydhL). J.Bacteriol. 185: 5200-5209. 

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

Johansson, M., Karlsson, A. (1996) Cloning and expression of human deoxyguanosine 
kinase cDNA. Proc.Natl.Acad.Sci.U.S A 93: 7258-7262. 



Chapter I                                                                                                                              References 

________________________________________________________________________ 
35 

Johnson, S.A. (2000) Clinical pharmacokinetics of nucleoside analogues: focus on 
haematological malignancies. Clin.Pharmacokinet. 39: 5-26. 

Jones, R.N., Pfaller, M.A. (1998) Bacterial resistance: a worldwide problem. 
Diagn.Microbiol.Infect.Dis. 31: 379-388. 

Jordan, A., Reichard, P. (1998) Ribonucleotide reductases. Annu.Rev.Biochem. 67: 71-98. 

Keating, M.J., Kantarjian, H., Talpaz, M., Redman, J., Koller, C., Barlogie, B., 
Velasquez, W., Plunkett, W., Freireich, E.J., and McCredie, K.B. (1989) Fludarabine: a 
new agent with major activity against chronic lymphocytic leukemia. Blood 74: 19-25. 

Knecht, W., Munch-Petersen, B., and Piskur, J. (2000) Identification of residues involved 
in the specificity and regulation of the highly efficient multisubstrate 
deoxyribonucleoside kinase from Drosophila melanogaster. J.Mol.Biol. 301: 827-837. 

Knecht, W., Petersen, G.E., Munch-Petersen, B., and Piskur, J. (2002a) 
Deoxyribonucleoside kinases belonging to the thymidine kinase 2 (TK2)-like group vary 
significantly in substrate specificity, kinetics and feed-back regulation. J.Mol.Biol. 315: 
529-540. 

Knecht, W., Petersen, G.E., Sandrini, M.P., Sondergaard, L., Munch-Petersen, B., and 
Piskur, J. (2003) Mosquito has a single multisubstrate deoxyribonucleoside kinase 
characterized by unique substrate specificity. Nucleic Acids Res. 31: 1665-1672. 

Knecht, W., Sandrini, M.P., Johansson, K., Eklund, H., Munch-Petersen, B., and Piskur, 
J. (2002b) A few amino acid substitutions can convert deoxyribonucleoside kinase 
specificity from pyrimidines to purines. EMBO J. 21: 1873-1880. 

Kokoris, M.S., Black, M.E. (2002) Characterization of Herpes simplex virus type 1 
thymidine kinase mutants engineered for improved ganciclovir or acyclovir activity. 
Protein Sci. 11: 2267-2272. 

Kornberg, A. (1988) DNA replication. J.Biol.Chem. 263: 1-4. 

Lascu, I., Gonin, P. (2000) The catalytic mechanism of nucleoside diphosphate kinases. 
J.Bioenerg.Biomembr. 32: 237-246. 

Lavie, A., Vetter, I.R., Konrad, M., Goody, R.S., Reinstein, J., and Schlichting, I. (1997) 
Structure of thymidylate kinase reveals the cause behind the limiting step in AZT 
activation. Nat.Struct.Biol. 4: 601-604. 

Lowy, F.D. (2003) Antimicrobial resistance: the example of Staphylococcus aureus. J 
Clin.Invest 111: 1265-1273. 

Malspeis, L., Grever, M.R., Staubus, A.E., and Young, D. (1990) Pharmacokinetics of 2-
F-ara-A (9-beta-D-arabinofuranosyl-2-fluoroadenine) in cancer patients during the phase 
I clinical investigation of fludarabine phosphate. Semin.Oncol. 17: 18-32. 



Chapter I                                                                                    References 

   
36 

Mandel, H., Szargel, R., Labay, V., Elpeleg, O., Saada, A., Shalata, A., Anbinder, Y., 
Berkowitz, D., Hartman, C., Barak, M., Eriksson, S., and Cohen, N. (2001) The 
deoxyguanosine kinase gene is mutated in individuals with depleted hepatocerebral 
mitochondrial DNA. Nat.Genet. 29: 337-341. 

Mitsuya, H., Weinhold, K.J., Furman, P.A., St Clair, M.H., Lehrman, S.N., Gallo, R.C., 
Bolognesi, D., Barry, D.W., and Broder, S. (1985) 3'-Azido-3'-deoxythymidine (BW 
A509U): an antiviral agent that inhibits the infectivity and cytopathic effect of human T-
lymphotropic virus type III/lymphadenopathy-associated virus in vitro. 
Proc.Natl.Acad.Sci.U.S A 82: 7096-7100. 

Mollgaard, H. (1980) Deoxyadenosine/deoxycytidine kinase from Bacillus subtilis. 
Purification, characterization, and physiological function. J.Biol.Chem. 255: 8216-8220. 

Munch-Petersen, B., Piskur, J. (2006) Deoxynucleoside Kinases and Their Potential Role 
in Deoxynucleoside cytotoxicity. Cancer Drug Discovery and Development: 
Deoxynucleoside Analogs in Cancer Therapy Humana Press Inc., Totowa, NJ: 53-79. 

Munch-Petersen, B., Cloos, L., Tyrsted, G., and Eriksson, S. (1991) Diverging substrate 
specificity of pure human thymidine kinases 1 and 2 against antiviral dideoxynucleosides. 
J.Biol.Chem. 266: 9032-9038. 

Munch-Petersen, B., Knecht, W., Lenz, C., Sondergaard, L., and Piskur, J. (2000) 
Functional expression of a multisubstrate deoxyribonucleoside kinase from Drosophila 
melanogaster and its C-terminal deletion mutants. J.Biol.Chem. 275: 6673-6679. 

Munch-Petersen, B., Piskur, J., and Sondergaard, L. (1998) Four deoxynucleoside kinase 
activities from Drosophila melanogaster are contained within a single monomeric 
enzyme, a new multifunctional deoxynucleoside kinase. J.Biol.Chem. 273: 3926-3931. 

Munch-Petersen, B., Tyrsted, G., and Cloos, L. (1993) Reversible ATP-dependent 
transition between two forms of human cytosolic thymidine kinase with different 
enzymatic properties. J Biol.Chem. 268: 15621-15625. 

Neu, H.C. (1992) The crisis in antibiotic resistance. Science 257: 1064-1073. 

Noordhuis, P., Holwerda, U., Van der Wilt, C.L., van Groeningen, C.J., Smid, K., Meijer, 
S., Pinedo, H.M., and Peters, G.J. (2004) 5-Fluorouracil incorporation into RNA and 
DNA in relation to thymidylate synthase inhibition of human colorectal cancers. 
Ann.Oncol. 15: 1025-1032. 

Okazaki, R., Kornberg, A. (1964a) Deoxythymidine Kinase of Escherichia coli. I. 
Purification and Some Properties of the Enzyme. J.Biol.Chem. 239: 269-274. 

Okazaki, R., Kornberg, A. (1964b) Deoxythymidine Kinase of Escherichia coli. II. 
Kinetics and Feedback Control. J.Biol.Chem. 239: 275-284. 



Chapter I                                                                                                                              References 

________________________________________________________________________ 
37 

Patching, S.G., Baldwin, S.A., Baldwin, A.D., Young, J.D., Gallagher, M.P., Henderson, 
P.J., and Herbert, R.B. (2005) The nucleoside transport proteins, NupC and NupG, from 
Escherichia coli: specific structural motifs necessary for the binding of ligands. 
Org.Biomol.Chem. 3: 462-470. 

Pinedo, H.M., Peters, G.F. (1988) Fluorouracil: biochemistry and pharmacology. J 
Clin.Oncol. 6: 1653-1664. 

Piskur, J., Sandrini, M.P., Knecht, W., and Munch-Petersen, B. (2004) Animal 
deoxyribonucleoside kinases: 'forward' and 'retrograde' evolution of their substrate 
specificity. FEBS Lett. 560: 3-6. 

Plunkett, W., Huang, P., and Gandhi, V. (1990) Metabolism and action of fludarabine 
phosphate. Semin.Oncol. 17: 3-17. 

Plunkett, W., Huang, P., and Gandhi, V. (1995) Preclinical characteristics of gemcitabine. 
Anticancer Drugs 6 Suppl 6: 7-13. 

Rice, L.B. (2006) Antimicrobial resistance in Gram-positive bacteria. Am.J Med 119: 
S11-S19. 

Ruiz van Haperen, V., Peters, G.J. (1994) New targets for pyrimidine antimetabolites for 
the treatment of solid tumours. 2: Deoxycytidine kinase. Pharm World Sci. 16: 104-112. 

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

Sabini, E., Ort, S., Monnerjahn, C., Konrad, M., and Lavie, A. (2003) Structure of human 
dCK suggests strategies to improve anticancer and antiviral therapy. Nat.Struct.Biol. 10: 
513-519. 

Saito, H., Tomioka, H. (1984) Thymidine kinase of bacteria: activity of the enzyme in 
actinomycetes and related organisms. J.Gen.Microbiol. 130 ( Pt 7): 1863-1870. 

Saito, H., Tomioka, H., and Ohkido, S. (1985) Further studies on thymidine kinase: 
distribution pattern of the enzyme in bacteria. J.Gen.Microbiol. 131 ( Pt 11): 3091-3098. 

Sanchez-Carrillo, C., Menasalvas, A., Cotarelo, M., Diaz, M.D., Cercenado, E., and 
Bouza, E. (1996) In-vitro activity of antiviral agents used in AIDS against Salmonella 
typhi and non-typhoid salmonella. J.Antimicrob.Chemother. 38: 153-154. 

Sandrini, M.P., Piskur, J. (2005) Deoxyribonucleoside kinases: two enzyme families 
catalyze the same reaction. Trends Biochem.Sci. 30: 225-228. 

Santi, D.V., McHenry, C.S., and Sommer, H. (1974) Mechanism of interaction of 
thymidylate synthetase with 5-fluorodeoxyuridylate. Biochemistry 13: 471-481. 



Chapter I                                                                                    References 

   
38 

Saxild, H.H., Andersen, L.N., and Hammer, K. (1996) Dra-nupC-pdp operon of Bacillus 
subtilis: nucleotide sequence, induction by deoxyribonucleosides, and transcriptional 
regulation by the deoR-encoded DeoR repressor protein. J.Bacteriol. 178: 424-434. 

Schito, G.C. (2006) The importance of the development of antibiotic resistance in 
Staphylococcus aureus. Clin.Microbiol.Infect. 12 Suppl 1: 3-8. 

Shao, J., Zhou, B., Chu, B., and Yen, Y. (2006) Ribonucleotide reductase inhibitors and 
future drug design. Curr.Cancer Drug Targets. 6: 409-431. 

Sherley, J.L., Kelly, T.J. (1988) Regulation of human thymidine kinase during the cell 
cycle. J Biol.Chem. 263: 8350-8358. 

Smith, J.L. (1995) Enzymes of nucleotide synthesis. Curr.Opin.Struct.Biol. 5: 752-757. 

Thelander, L., Reichard, P. (1979) Reduction of Ribonucleotides. Annual Review of 
Biochemistry 48: 133-158. 

Toschi, L., Finocchiaro, G., Bartolini, S., Gioia, V., and Cappuzzo, F. (2005) Role of 
gemcitabine in cancer therapy. Future.Oncol. 1: 7-17. 

Van Laar, J.A., Rustum, Y.M., Ackland, S.P., van Groeningen, C.J., and Peters, G.J. 
(1998) Comparison of 5-fluoro-2'-deoxyuridine with 5-fluorouracil and their role in the 
treatment of colorectal cancer. Eur.J Cancer 34: 296-306. 

Van Rompay, A.R., Johansson, M., and Karlsson, A. (2000) Phosphorylation of 
nucleosides and nucleoside analogs by mammalian nucleoside monophosphate kinases. 
Pharmacol.Ther. 87: 189-198. 

Wang, L., Eriksson, S. (2003) Mitochondrial deoxyguanosine kinase mutations and 
mitochondrial DNA depletion syndrome. FEBS Lett. 554: 319-322. 

Wang, L., Hellman, U., and Eriksson, S. (1996) Cloning and expression of human 
mitochondrial deoxyguanosine kinase cDNA. FEBS Lett. 390: 39-43. 

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

Wang, L., Westberg, J., Bolske, G., and Eriksson, S. (2001) Novel deoxynucleoside-
phosphorylating enzymes in mycoplasmas: evidence for efficient utilization of 
deoxynucleosides. Mol.Microbiol. 42: 1065-1073. 

Welin, M., Kosinska, U., Mikkelsen, N.E., Carnrot, C., Zhu, C., Wang, L., Eriksson, S., 
Munch-Petersen, B., and Eklund, H. (2004) Structures of thymidine kinase 1 of human 
and mycoplasmic origin. Proc.Natl.Acad.Sci.U.S A 101: 17970-17975. 



Chapter I                                                                                                                              References 

________________________________________________________________________ 
39 

Wise, R. (2004) The relentless rise of resistance? J Antimicrob.Chemother. 54: 306-310. 

Xie, H., Patching, S.G., Gallagher, M.P., Litherland, G.J., Brough, A.R., Venter, H., Yao, 
S.Y., Ng, A.M., Young, J.D., Herbert, R.B., Henderson, P.J., and Baldwin, S.A. (2004) 
Purification and properties of the Escherichia coli nucleoside transporter NupG, a 
paradigm for a major facilitator transporter sub-family. Mol.Membr.Biol. 21: 323-336. 

Zetola, N., Francis, J.S., Nuermberger, E.L., and Bishai, W.R. (2005) Community-
acquired meticillin-resistant Staphylococcus aureus: an emerging threat. Lancet 
Infect.Dis. 5: 275-286. 

Zheng, X., Johansson, M., and Karlsson, A. (2001) Nucleoside analog cytotoxicity and 
bystander cell killing of cancer cells expressing Drosophila melanogaster 
deoxyribonucleoside kinase in the nucleus or cytosol. Biochem.Biophys.Res.Commun. 
289: 229-233. 
 
 



 

 

 
 



Chapter II  Paper I                                    

________________________________________________________________________ 
41 

 
 
 
 
 
 

Chapter II 

Paper I 



Chapter II                                                                                     Paper I 

   
42 



Chapter II  Paper I                                    

________________________________________________________________________ 
43 

 

 



Chapter II                                                                                     Paper I 

   
44 

 



Chapter II  Paper I                                    

________________________________________________________________________ 
45 

 
 
 



 

 

 



Chapter III  Paper II                                    

________________________________________________________________________ 
47 

 
 
 
 
 
 

Chapter III 

Paper II 



Chapter III                                                                                     Paper II 

   
48 

 



Chapter III  Paper II                                    

________________________________________________________________________ 
49 

 



Chapter III                                                                                     Paper II 

   
50 

 



Chapter III  Paper II                                    

________________________________________________________________________ 
51 

 
 



 

 



Chapter IV  Paper III                                    

________________________________________________________________________ 
53 

 
 
 
 
 
 

Chapter IV 

Paper III 



Chapter IV                                                                                     Paper III 

   
54 

 



Chapter IV  Paper III                                    

________________________________________________________________________ 
55 

 



Chapter IV                                                                                     Paper III 

   
56 

 



Chapter IV  Paper III                                    

________________________________________________________________________ 
57 

 



Chapter IV                                                                                     Paper III 

   
58 



Chapter IV  Paper III                                    

________________________________________________________________________ 
59 

 
 



 

 



Chapter V                                                                                                                                     Paper IV                                     

________________________________________________________________________ 
61 

 
 
 
 
 
 

Chapter V 

Paper IV 



Chapter V                                                                                     Paper IV 

   
62 

Dictyostelium discoideum salvages purine deoxyribonucleosides 

by highly specific bacteria-like deoxyribonucleoside kinases.  

Michael Paolo Bastner Sandrini1,2,§,¤, Fredrik Söderbom3, Nils Egil Mikkelsen3 and Jure 

Piškur2 

1BioCentrum-DTU, Technical University of Denmark, Building 301, DK-2800 Kgs. 

Lyngby, Denmark. 

2Cell and Organism Biology, Lund University, Sölvegatan 35, SE-22362 Lund, Sweden. 

3Department of Molecular Biology, Biomedical Center, Swedish University of 

Agricultural Sciences, Box 590, SE-75124 Uppsala, Sweden. 

§ Present address: Department of Molecular Biology, Universitetsparken 13, University 

of Copenhagen, DK-2100 Copenhagen, Denmark.  

¤Corresponding author: Michael P.B. Sandrini, E-mail: msandrini@aki.ku.dk (phone: 

+45 3532 1734 Fax: +45 3532 1567) 

Running title: Dictyostelium discoideum deoxyribonucleoside kinases 

Keywords: deoxyribonucleoside kinase, fludarabine, salvage, Dictyostelium, green 

chemistry, thymidine kinase.  

Abbreviations: dN, deoxyribonucleoside; dNK, deoxyribonucleoside kinase; dAdo, 

deoxyadenosine; dGuo, deoxyguanosine; dCyd, deoxycytidine; Thd, thymidine; F-araA, 

9-beta-D-arabinofuranosyl-2-fluoroadenine (Fludarabine); F-araAMP, 9-beta-D-

arabionofuranosyl-2-fluoroadenine-5’-phosphate (Fludarabine monophosphate); IPTG: 

isopropyl-beta-D-thiogalactopyranoside; DTT: dithiothreitol; PMSF 

phenylmethylsulphonylfluoride; CI42K, Ubiquinone oxidoreductase 42 kDa subunit of 

mitochondrial Complex I; ORF(s), open reading frame(s); Da, Daltons.  



Chapter V                                                                                                                                     Paper IV                                     

________________________________________________________________________ 
63 

Summary 

The salvage of deoxyribonucleosides in the social amoeba Dictyostelium discoideum, 

which has an extremely A+T-rich genome, was investigated. All native 

deoxyribonucleosides were phosphorylated by D. discoideum cell extracts and we 

sub-cloned three deoxyribonucleoside kinase (dNK) encoding genes. D. discoideum 

thymidine kinase (DdTK1) was similar to the human thymidine kinase 1 and was 

specific for thymidine with a Km of 5.1 μM. The other two cloned kinases were 

phylogenetically closer to bacterial deoxyribonucleoside kinases than to the 

eukaryotic enzymes. D. discoideum deoxyadenosine kinase (DddAK) had a Km for 

deoxyadenosine of 22.7 μM and a kcat of 3.7 s-1 and could not efficiently 

phosphorylate any other native deoxyribonucleoside. D. discoideum deoxyguanosine 

kinase (DddGK) was also a purine specific kinase and phosphorylated significantly 

only deoxyguanosine with a Km of 1.4 μM and a kcat of 3 s-1. The two purine specific 

deoxyribonucleoside kinases could represent ancient enzymes that were present in 

the common ancestor of bacteria and eukaryotes but remained only in a few 

eukaryote lineages. The narrow substrate specificity of the D. discoideum dNKs 

reflects the biased genome composition and we attempted to explain the strict 

preference of DddAK for deoxyadenosine by modeling the active center with 

different substrates. Apart from its native substrate, deoxyadenosine, DddAK 

efficiently phosphorylated Fludarabine. Hence DddAK could be used in the 

enzymatic production of Fludarabine monophosphate, a drug used in the treatment 

of chronic lymphocytic leukemia. 
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Introduction 

Dictyostelium discoideum is a social amoeba which has been extensively used as a model 

to understand the molecular mechanisms behind cell differentiation.1  The recent release 

of the D. discoideum genome sequence has provided a tool to understand the origin and 

evolution of this fascinating amoebozoan.2 A global phylogenetic analysis of protein 

coding sequences, based on the total genome sequence, has suggested that D. discoideum 

is evolutionarily closer to animal and fungi lineages than to plants.2 Indeed, Williams et 

al. have shown that several classes of proteins, e.g. microfilament components, G-protein 

coupled receptors and SH2 domain containing proteins, are shared between D. 

discoideum and animals, confirming a close relationship between these two lineages.3 

However, the genome analysis also pointed out several D. discoideum genes, like 

thymidylate synthase (ThyX), which could have been adopted from bacteria.2 Horizontal 

transfer of genes has been suggested to contribute to the genome content of several 

organisms, but it has been well documented only in a few cases.4-7 Alternatively, the 

presence of bacteria-like genes in modern eukaryotes can in many cases be explained by 

the independent gene loss in multiple lineages.8 The whole genome sequence analysis 

also confirmed that this organism possesses an extremely (A+T)-rich genome.2 A biased 

genome composition like this must represent a challenge for the cell metabolism to 

provide the unequal amount of nucleotides species needed for DNA synthesis.  

The four native deoxyribonucleotides are usually provided through the de novo and 

salvage pathways.9,10 Deoxyribonucleoside kinases (dNKs) are the key enzymes of 

deoxyribonucleoside salvage, phosphorylating deoxyribonucleosides (dNs) of 

extracellular origin from food or intracellularly from DNA breakdown and repair.9 The 
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number and specificity of the dNKs in different species vary dramatically and they 

provide excellent molecular markers for studying evolutionary events like gene loss, 

duplication and specialization. In humans, four kinases; thymidine kinase 1 (TK1), 

thymidine kinase 2 (TK2), deoxyguanosine kinase (dGK) and deoxycytidine kinase 

(dCK) with overlapping specificities and different subcellular localization phosphorylate 

the four native substrates thymidine (Thd), deoxyadenosine (dAdo), deoxyguanosine 

(dGuo) and deoxycytidine (dCyd).9 By contrast, insects like the malaria mosquito 

Anopheles gambiae and the fruit fly Drosophila melanogaster have only one 

multisubstrate dNK which phosphorylates all four native substrates.11,12 Based on their 

structural difference and phylogenetic relationship the dNKs have recently been divided 

into two super-families, the thymidine kinase-1-like (TK1-like) and the non-TK1-like.13 

The bacterial TK1-like enzymes are generally very similar to the eukaryotic TK1s14 and 

they are all specific for Thd.15-18 During the progress of the work presented herein O’day 

et al. described a calmodulin binding TK1 in D. discoideum, however the enzyme 

remained uncharacterized with respect to its Km and Vmax.19 The non-TK1-like family, on 

the other hand, is comprised of a group of eukaryotic dNKs and a distinct group of 

bacterial dNKs. The bacterial non-TK1-like kinases have so far only been described in 

Gram-positive bacteria, and their biochemical properties and substrate specificities vary 

dramatically.18,20-23  

For decades organic compounds for medical use have been prepared by means of 

organochemical synthesis. This approach has several negative side effects e.g. use of 

polluting and toxic solvents, high energy consumption and resulting in low yields with 

several side products. Green chemistry utilizes the properties of enzymes for the bio-
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conversion of substrates to products that would otherwise demand more polluting 

organochemical synthesis. Additionally, enzymatic catalysis favors formation of the 

correct product, overcomes stereo chemistry barriers and minimizes the formation of 

impurities and byproducts.24 

In the correspondence at hand we analyze D. discoideum for the presence and possible 

evolutionary origin of the genes encoding deoxyribonucleoside kinases. We describe the 

cloning of three genes and characterization of the corresponding TK1, dAK and dGK and 

show that they have very narrow substrate specificities. Apparently, the dAK and dGK 

are surprisingly closely related to the bacterial non-TK1-like kinases. Finally, we propose 

the D. discoideum dAK enzyme to be used as a bio-catalyst in the production of the anti-

leukemic drug Fludarabine monophosphate (F-araAMP). 

 

Results 

Dictyostelium phosphorylates all native deoxyribonucleosides 

Earlier studies have reported the characterization of enzymes responsible for the salvage 

of dNs in bacteria and animals. However, very little is known about this pathway in 

eukaryotes which branched earlier in evolution. Our aim was to investigate the salvage 

enzymes in the social amoeba D. discoideum. Initially we measured the phosphorylating 

activities in D. discoideum extracts using radiolabeled deoxyribonucleosides as substrates 

and ATP as the phosphate donor (Figure 1). In growing cells, the highest measured 

activity was for dAdo (set to 100%) and Thd (77% relative to dAdo). However, also 

dCyd and dGuo were phosphorylated, albeit to lesser extent. Phosphorylation of dCyd 
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and dGuo were 14% and 5% relative to dAdo, respectively. In short, all four natural DNA 

precursor deoxyribonucleosides are phosphorylated in D. discoideum.  

 

Three genes encoding dNK activities. 

To identify the responsible enzymes, the D. discoideum genome was searched for genes 

encoding putative dNKs. The human, D. melanogaster, Bacillus subtilis and 

Lactobacillus acidophilus dNKs were used in the search and we identified and cloned 

three putative dNK genes from a cDNA library.25  

The thyB gene is located on chromosome 5 and the 684 base pair open reading frame 

(ORF) consists of three exons. The ORF is predicted to encode a 227 amino acid protein 

with high homology to the human TK1, confirming the report by O’day et al.19 The 

corresponding protein was named DdTK1. The DdTK1 has 45% overall amino acid 

identity to human TK1. According to the predicted amino acid sequence, the important 

structural motifs like P-loop and Zinc coordinating cysteins are conserved.26  

The DddAK encoded by the dAK gene was first identified as a predicted protein in the 

San Diego Super Computer D. discoideum database (sequence id numgr1786). However, 

we suspected an erroneous computational splicing and indeed, sequencing of a PCR 

product amplified from a cDNA library confirmed our suspicion as the predicted ORF 

differed at several splice sites. The PCR product contained a 738 bp ORF and encoded a 

245 amino acids protein with 25.8% overall identity to Bacillus subtilis dAK and only 

17% identity to the human dCK and dGK kinases. The dAK gene is located on 

chromosome 3 and the open reading frame consists of four exons.  
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The third dNK, DddGK, encoded by the dGK gene was identified as a partial sequence 

when searching the translated genomic sequence for amino acid homology to B. subtilis 

dAK and dGK. In order to obtain the full ORF a manual prediction of the splice sites was 

necessary. The start codon was difficult to determine since four possible start codons 

were in-frame with the conserved P-loop. Therefore, the longest possible ORF was 

assumed to be the correct one. Sequencing of a PCR product confirmed our splice 

prediction and revealed an 858 bp ORF encoding a 285 amino acids long protein. DddGK 

has 17.2% overall identity to the human dCK and dGK kinases and 17.9 % identity to B. 

subtilis dAK. The ORF consists of three exons located on chromosome 3.  

 

Purine-specific kinases are bacteria-like. 

Molecular phylogeny was employed to study the evolutionary origin of the cloned dNKs. 

The DdTK1 amino acid sequence was aligned with known and putative TKs from 

bacteria and other eukaryotes. Subsequently the phylogeny was reconstructed using the 

bioinformatics tool as described in materials and methods. Good bootstrap values 

supported the obtained trees and the tree topology was consistent when different tree-

reconstruction methods were used (Figure 2). The eukaryotic clade of TK1s showed early 

branching of G. lamblia TK separated from the DdTK1 by the branching of plant TK1s. 

Interestingly, the Giardia lamblia putative TK sequence was much longer, 392 amino 

acids, than DdTK1 and the other TKs employed in the alignment. Therefore, the N- and 

C-teminus of the sequences were trimmed to the same length after the multiple alignment 

and prior to the phylogenetic analysis. The bacterial TKs were separated into two groups, 

one comprised only of TKs from Gram-positive bacteria and another comprised mainly 
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of TKs from Gram-negative bacteria, as we described elsewhere.14 In short, the 

phylogenetic reconstruction showed that DdTK1 is a true eukaryotic TK closely related 

to animal TK1s. 

 

When the GenBank sequence database was searched using the amino acid sequences of 

the cloned DddAK and DddGK as query, the closest hits were sequences annotated as 

putative purine dNKs from G. lamblia, sequences of the 42 kDa subunit from the 

mitochondrial complex I NADH:ubiquinone oxidoreductase (CI42K) and a variety of 

dNKs from bacteria. Therefore, sequences of CI42Ks were included in the multiple 

alignments of non-TK1-like dNKs. The reconstructed phylogenetic trees show a clear 

separation of the non-TK1-like kinases into two clades, the bacterial like dNKs and the 

eukaryote like dNKs. Interestingly, the phylogenetic trees show that DddAK and DddGK 

are not members of the eukaryotic non-TK1-like clade, comprised of plant dCK/dGK, 

mammalian dCK, dGK and TK2 and insect dNK. Both DddAK and DddGK seem to be 

closely related to G. lamblia dNKs and bacterial non-TK1-like kinases. However, the 

topology of the reconstructed trees differed with respect to the location of DddAK and 

DddGK. The best support is for the topology of the clustering tree (Figure 3A), which 

shows a clear grouping of the DddAK and DddGK with the bacterial kinases. With 

neighbor-joining there is a good support for the separation of DddAK and DddGK from 

the animal/plant kinases (Figure 3B). However, because of the low bootstrap support 

within the neighbor-joining tree we can not say whether the DddAK and DddGK are 

closer to the bacterial dNKs or to the CI42Ks. To show that the DdTK1, DddAK and 
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DddGK really phosphorylate deoxyribonucleosides, we expressed the genes in a dNK 

deficient Escherichia coli. 

 

Narrow substrate specificity of the dNKs 

Recombinant DdTK1, DddAK and DddGK were over-expressed as N-terminal GST-

fusion proteins in TK deficient E. coli cells and purified on a GSH sepharose column and 

the GST-tags was removed by cleaving the fusions with thrombin. The purified 

recombinant DdTK1 and DddGK migrated as 30 kDa proteins on denaturing SDS-PAGE, 

whereas the DddAK migrated as a 26 kDa protein (not shown). In order to characterize 

the enzymes ability to phosphorylate Thd, dAdo, dGuo or dCyd, measurements of the 

phosphorylation potential at varying substrate concentrations were undertaken with 2.5 

mM ATP as the phosphate donor (Figure 4). DdTK1 was specific for Thd and 

phosphorylated this dN with high turnover (Table 1). The Km for Thd was 5.1 µM and 

kcat 7.5 s-1. DddAK could also phosphorylate Thd, albeit with very low turnover (kcat = 

8×10-3 s-1) the Km of 4 μM is similar to that of DdTK1 for Thd, but dAdo was almost a 

100 times better substrate for DddAK than Thd. DddAK had a Km of 22.7 μM for dAdo 

and a kcat of 3.7 s-1. DddGK could only phosphorylate dGuo and dAdo, however the 

phosphorylation of dAdo was barely measurable and the Km for dAdo was 206 μM. By 

contrast dGuo was a very good substrate for DddGK with a low Km of 1.4 μM and high 

kcat of 3 s-1 resulting in kcat/Km of 2.2×106 s-1M-1. None of the purified dNKs could 

phosphorylate dCyd and it seems that each dNK was highly specific towards a single 

substrate.  
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DddAK efficiently phosphorylates Fludarabine. 

The high specificity of DddAK towards dAdo urged us to investigate whether the enzyme 

could phosphorylate medically important adenosine analogs. We tested the recombinant 

DddAK enzyme for its ability to phosphorylate F-araA with ATP as phosphate donor. 

The result was astonishing (Figure 4). DddAK was only seven times less specific for F-

araA as for dAdo and phosphorylated F-araA and dAdo with almost equally high 

turnover. The Km for F-araA was 146 μM (Table 1). To determine whether other 

nucleoside tri-phosphates could be used as phosphate donors in the reaction, we analyzed 

the initial reaction rate of the phosphorylation of 40 μM F-araA with 1.0 mM ATP, GTP, 

UTP or CTP as phosphate donor (Table 2). GTP, UTP and CTP could all serve as 

phosphate donors but there was a strong preference for the purine based triphosphates 

with ATP as the preferred phosphate donor. GTP gave approximately 14% activity 

compared to ATP. The pyrimidine based triphosphates gave only approximately 2% to 

3% of the activity compared to ATP.  

 

Three dimensional structure of DddAK 

A three dimensional structure model of the DddAK enzyme was created based on the 

crystal structure of Mycoplasma mycoides dAK (MmdAK) (Welin et al. 2006, 

unpublished). Our model showed that all amino acids providing hydrogen bonds 

important for the binding of the substrates were strictly conserved within our homology 

model. The amino acids contributing to stacking and Van der Waals interactions were not 

all strictly conserved in the DddAK model but those that differed from the MmdAK 

structure were all semiconserved unpolar replacements. Hydrogen bonding interactions 
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with the 2’-deoxyribose of the dAdo substrate in the active center are between the Glu52 

and 5’-hydroxyl as well as between the Tyr64, Glu165 and the 3’-hydroxyl (Figure 5A). 

The same interactions are expected with the arabinose of F-araA, except for an extra 

hydrogen bond between Arg82 and the 2’-hydroxyl of F-araA (Figure 5B). The amino 

groups of dAdo and F-araA are hydrogen bonding to the two Asp105 and Gln75 residues 

and seem to make an important difference when compared to the binding of dGuo (Figure 

5C).    

  

Discussion 

The unicellular social amoeba D. discoideum spends most of its life as a unicellular 

organism and feeding of bacteria in soil. In situations where the food source is exhausted 

and the organism is starved, D. discoideum has the remarkable ability of socializing with 

other of its kind and together undergo a developmental process where differentiated cells 

form a multicellular structure; a fruiting body where a ball of spores is supported by stalk. 

The salvage of deoxyribonucleosides for DNA synthesis and repair originating from the 

ingested bacteria could serve as a beneficial resource by which D. discoideum supply its 

pool of dNTPs. The D. discoideum genome is profoundly biased towards (A+T) and 

therefore there must be a large demand for these two nucleotides for DNA synthesis and 

repair. Earlier studies have demonstrated the presence of thymidine salvage in D. 

discoideum and shown that TK activity is diminished in resting cells and stays low during 

development.27 We showed that all four DNA precursor deoxyribonucleosides were 

phosphorylated by the D. discoideum cell extracts. In the growing cells the 

phosphorylation capacity for dAdo and Thd compared to that for dCyd and dGuo (Figure 
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1) seem to reflect the (A+T) richness characteristic of the D. discoideum genome.2 

Microarray analysis of thyB expression shows an overall decrease during development as 

would be expected when no or little DNA synthesis is required, e.g. in resting or 

developing cells.28,29 However, the mRNA profile for dAK mRNA is not as clear. 

Unfortunately, none of the datasets include the dGK gene. 

 

D. discoideum has for decades been considered to be one of the more primitive organisms 

in the eukaryote kingdom, branching before plants and fungi.30,31 However, the recent 

years massive efforts in sequencing of model organisms as well as medically interesting 

organisms has provided vast amounts of data for new phylogenetic approaches. Baldauf 

and coworkers combined protein data for a kingdom-level phylogenetic analysis and 

showed that D. discoideum is more closely related to the fungal-animal clade than are 

green plants.32,33 The recent completion of the genomic sequence and sequence analysis 

of chromosome 2 supports the branching of D. discoideum after the divergence of 

plants.2,34 We have investigated the D. discoideum deoxyribonucleoside kinases and 

found, in addition to the almost ubiquitous thymidine kinase, two highly purine specific 

dNKs. Our phylogenetic analysis of DdTK1 showed that it was closely related to the 

animal TK1s and branched later than plant TK1s. The topology of the eukaryotic crown 

of the obtained tree is consistent with the branch order described previously.2,32,33 Earlier 

we described the horizontal transfer of TK genes among bacterial species14 and a similar 

study of nucleotide biosynthesis in the parasite Cryptosporidium parvum, revealed a TK 

that originated from a horizontal transfer from bacteria.7 However, the DdTK1 is 

apparently a true eukaryotic TK.  
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In this study we discovered that two D. discoideum dNKs are more similar to bacterial 

non-TK-like kinases than to the eukaryotic enzymes. Our phylogenetic analysis of 

proteins with homology to the DddAK and DddGK also revealed that the two enzymes 

were closely related to two putative dNKs from the early diverging G. lamblia. None of 

the calculated trees showed a close common ancestry of the two DddAK and DddGK 

with plant/animal dNKs. On the contrary, in one tree the two kinases grouped with 

bacterial non-TK1-like kinases (Figure 3A). The CI42K has earlier been mentioned as a 

relative of dNKs.35 The overall topology of the tree shown in Figure 3B is the same as 

described by Liberles where three major groups are evident, i) eukaryotic non-TK1-like, 

ii) bacterial non-TK1-like and iii) the CI42K.35 In GenBank, when using bovine or zebra 

fish CI42K as query, we could only identify CI42K in Kingdom Animalia otherwise all 

other close hits were dNKs of D. discoideum, G. lamblia or bacteria (results not shown). 

The function of CI42K is still not understood but CI42K has earlier been shown to bind 

both ADP and NAD and it has been suggested to be involved in nucleotide transport.36 

Preliminary results from our laboratory showed that dNK activity was not measurable 

when zebra fish CI42K was expressed in E. coli deficient of endogenous dNKs (data not 

shown). Thus, we do not believe that the CI42Ks could possess any dNK activity. By 

contrast, the purified recombinant DddAK and DddGK were indeed active as dNKs.  

How do we explain bacterial like dNKs in an organism that is closely related to animals? 

The high identity between the DddAK and DddGK and G. lamblia dNKs, belonging to 

two very distinct lineages, eliminates the possibility that the genes originated from 

bacteria via horizontal gene transfer. Therefore, both of the bacterial like dAK and dGK 

must have been present in the first eukaryotes before the branching of G. lamblia. One of 



Chapter V                                                                                                                                     Paper IV                                     

________________________________________________________________________ 
75 

these bacterial non-TK1-like genes was duplicated in the early eukaryotes and one copy 

differentiated into the proto TK2/dCK/dGK. However, the bacterial non-TK1-like dNKs 

remained preserved in some lineages, as G. lamblia and D. discoideum, and their function 

remained phosphorylation of dNs. These lineages apparently lost the eukaryote proto 

dCK/dGK/TK2. In the animal lineage the bacterial non-TK-like dNK became associated 

with the mitochondrial ubiquinone oxidoreductase complex. Apparently, the social 

amoeba D. discoideum is closely related to animals but also contains some “ancient” 

genetic material, such as the genes coding for two bacteria-like dNKs. 

 

Many organisms have been characterized for their ability to phosphorylate thymidine and 

D. discoideum is no exception.27 The phosphorylation of Thd by D. discoideum cell 

lysates was reported to have a Km of 10.5 μM.27 In comparison, our characterization of 

the recombinant DdTK1 enzyme showed a Km for Thd of 5.1 μM. The specificity, kcat/Km 

for Thd was 1.5×106 s-1M-1 which is comparable to other TKs, 1.1×106 s-1M-1 for the 

Bacillus cereus TK (BcTK),18 8.0×106 s-1M-1 for the human TK1.16  

The DddAK differed greatly from earlier described dAKs. DddAK phosphorylated dAdo 

remarkably well compared to other bacterial dAKs23 and had Km of 22.7 μM (Table 1). 

The combination of specificity observed for DddAK and the high turnover for dAdo 

seems unique for the DddAK enzyme. Human dCK is specific for dCyd, dAdo and dGuo 

whereas human dGK is specific for dGuo and dAdo.16 The B. cereus dAK is almost 

equally specific for dAdo and dCyd18 and the Mycoplasma mymySC dAK phosphorylates 

dAdo, dGuo with almost equal specificity and to some extent also dCyd.23 DddAK was 
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100 times less specific for Thd than for dAdo and to our best knowledge the DddAK is so 

far the only dNK to be described with such narrow specificity for dAdo.  

The DddGK enzyme was comparable to the B. cereus dGK and B. subtilis dGK, which 

only phosphorylate dGuo.20,37 The DddGK specificity for dGuo was 2.2×106 and only 

traceable activity was measured with dAdo. In fact, the dAdo activity of DddGK was so 

low that the physiological relevance is doubtful. The high substrate specificity of the 

kinases described herein gives the organism a means of tightly regulating and fine tuning 

the flow of dNs through the dN salvage pathway. 

From the kinetics presented herein, we can assume that the TK, dAK and dGK activities 

measured in D. discoideum can be attributed to the DdTK1, DddAK and DddGK 

enzymes, respectively, described in this communication. Only in the D. discoideum 

extracts did we measure dCyd phosphorylation activity. The molecular background for 

the dCK activity in D. discoideum remains unclear, since we have not purified the native 

activities. Lactobacillus acidophilus dGK has been reported to undergo post-translational 

modifications with change of substrate specificity from dGuo to dCyd as a result.21 So 

one possibility is the post-translational modification of DddAK or DddGK in vivo or 

more likely a ribonucleoside kinase or similar enzymes that also accept dCyd. In 

conclusion, DddAK and DddGK are highly purine specific bacterial-like dNKs and the 

first of their kind to be described in a eukaryotic species. 

 

While DddAK has very narrow substrate specificity, MmdAK has a much broader 

specificity.23 Three nucleoside substrates were modeled into the active center of the 

DddAK based on the dATP bound in the MmdAK structure (Figure 5). From the model it 
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seems like F-araA is additionally stabilized by an extra hydrogen bond between the 2’-

hydroxyl group on the arabinose moiety to Arg100. Moreover, the Fluorine atom on F-

araA is very close to the phenylalanine (Phe63) but the more bulky amino group on dGuo 

with its hydrogens will be too close to the Phe63.  The loss of a hydrogen bond from 

Asp105 together with the lack of room for the amino group pointing towards Phe63 

might be the reason that dGuo is not a substrate. 

 

The D. melanogaster dNK (DmdNK) has been reported to be a useful tool in the 

enzymatic synthesis of the native deoxyribonucleoside mono phosphates.38 The high 

specificity of DddAK for dAdo triggered us to investigate whether the DddAK enzyme 

could be used in the pharmaceutical industry for production of phosphorylated adenosine 

analogs. Fludarabine (F-araA) is an anti-metabolite pro-drug used in the treatment of B-

cell chronic lymphocytic leukemia (CLL).39,40 As an adenosine analog, F-araA is only 

little soluble in water and therefore to increase solubility the F-araA is used in the 

monophosphorylated form (F-araAMP).39 The high turnover of F-araA for DddAK was 

similar to the turnover of dAdo, 3.3 s-1 with 2.5 mM ATP as phosphate donor. DddAK 

could efficiently phosphorylate F-araA to F-araAMP and ideally work as a bio-catalyst 

using an ATP or GTP as a phosphate donor. Production of F-araAMP today, relies on 

traditional organochemical synthesis leading to high production cost and use of polluting 

solvents.41 The green chemistry approach replaces some of the organic chemistry steps 

with enzymatic conversions thereby eliminating some of the polluting and often 

inefficient synthesis steps. Thus, the result is a cleaner and ideally also a cheaper 

production.  
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Materials and methods. 

Strains. The Dictyostelium discoideum strain AX4 was used for in vivo measurements of 

dNK activities. For cloning and expression of the recombinant dNKs the TK negative E. 

coli strain KY895 (F ¯, tdk-1, ilv)42 was used.  

 

Chemicals 

If not stated otherwise chemicals were of the highest purity from either Sigma or Merck. 

Radiolabelled nucleosides were from Moravek Biochemicals. 

 

Cell extracts from D. discoideum.  

AX4 cells were cultured at 22ºC in HL5 medium. Exponentially growing cells were 

harvested by centrifugation and washed two times in PDF buffer (20 mM KCl, 5 mM 

MgCl2, 20 mM KPO4 pH 6.4). Pellets containing ~7-8×108 cells were resuspended in 

cold extraction buffer (50 mM Tris/HCl pH 7.5, 1% Triton X-100, 10% glycerol, 1 mM 

DTT and 0.1 mM PMSF) and subjected to sonication 10×10 seconds with 10 seconds 

breaks in between. The extract was immediately assayed for kinase activity with 100 μM 

radio-labelled substrates. 3.0 mM Sodium fluoride (NaF) was always present in the assay 

for phosphatase inhibition and when dCyd activity was assayed also 0.2 mM of the 

cytidine deaminase inhibitor tetrahydro uridine was present. 

 

Nucleoside kinase assay. Nucleoside kinase activities were determined by initial velocity 

measurements based on four time samples by the DE-81 filter paper assay using tritium-
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labeled nucleoside substrates. The assay was essentially done as described in Munch-

Petersen et al.43 In short, 10 μl samples of a reaction mixture containing the pure enzyme 

or extract of interest, 2.5 mM ATP and varying deoxyribonucleoside concentration were 

spotted four times at 4 minute intervals. When dCyd was used as substrate the DE-81 

filters were washed three times with 2 mM ammonium formate instead of 5 mM 

ammonium formate and once with water. Radioactivity bound in the filters was eluted 

with a solution containing 0.1 M HCl and 0.2 M KCl and counted in a scintillation 

counter using Ultima Gold scintillation fluid (Perkin Elmer).  

 

Cloning of genes encoding TK1, dAK and dGK. Open reading frames (ORFs) of the three 

genes encoding DdTK1, DddAK and DddGK were deduced from the homology searches 

of the deposited sequences in Dictybase (www.dictybase.org) and San Diego 

Supercomputer Centre (http://dicty.SDSC.edu). Subsequently the ORFs were cloned 

from a λZAP cDNA library, prepared from mRNA of cells undergoing development for 

12 to 16 hours.25 The ORF of thyB was amplified from the cDNA library and the PCR 

product was sequenced to confirm the predicted ORF. The ORF was re-amplified using 

specific primers with overhangs for cloning and cloned into the BamHI/EcoRI site of the 

commercially available pGEX-2T expression vector (Amersham Pharmacia Biotech/GE 

Healthcare). A PCR product produced by employing oligos specific for the predicted start 

codon of dAK and the T7 sequence on the λZAP cDNA library was sequenced to confirm 

our the predicted ORF of the dAK gene. Subsequently the ORF was subcloned into the 

BamHI/EcoRI site of the pGEX-2T expression vector. The ORF of dGK was only 

partially identified in the translated genomic sequence and the splice sites and branch 
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points were manually predicted by employing the results of F. Rivero.37 A 1 kb PCR 

product was amplified from the cDNA library with primers specific for predicted start 

codon and the T7 sequence of the λZAP vector. The dGK ORF revealed by sequencing of 

the PCR product was cloned into the BamHI site of the pGEX-2T vector. The constructs 

harboring thyB, dAK and dGK were named P647, P704 and P737, respectively, and 

sequenced using a commercial service (MWG-Biotech, Germany). The ORFs were 

deposited under the GenBank accession numbers AY192984, AY192983 and AY669384 

for thyB, dAK and dGK, respectively.  

 

Phylogenetic analysis. Multiple amino acids alignment of dNKs were done in ClustalX 

1.844 using the Gonnet series weight matrix. The N- and C-terminus of the alignment of 

TKs were trimmed in BioEdit 4.8.645 and the phylogeny reconstructed with TreeCon 

1.3b46 using either UPGMA clustering or the neighbor-joining method. 

 

Expression and purification of DdTK1, DddAK and DddGK. E. coli KY895 (F ¯, tdk-1, 

ilv) was transformed with the plasmids P647, P704 and P737. Transformed KY895 were 

grown to an A600nm of 0.5-0.6 in LB medium with 100 µg/ml ampicillin at 37 oC and 

protein expression was induced by adding IPTG (isopropyl-beta-D-

thiogalactopyranoside) to a final concentration of 100 µM. The cells were further grown 

for 4 h at 25 oC and subsequently harvested by centrifugation. The cells were lysed by 

French Press (3 × 1000 psi) in the binding buffer A (20 mM NaPO4 pH 7.3, 150 mM 

NaCl, 10 % Glycerol, 0.1 % Triton X-100) with 1 mM DTT (dithiothreitol) and 0.1 mM 

PMSF (phenylmethylsulphonylfluoride) for protease inhibition. Alternatively, EDTA-



Chapter V                                                                                                                                     Paper IV                                     

________________________________________________________________________ 
81 

Free Complete Inhibitor Cocktail (Roche, Germany) was used to inhibit proteases. The 

suspensions were centrifuged at 10.000 g for 30 min. The supernatants filtered through a 

0.45 μm filter and loaded on a Glutathione Sepharose 4 Fast Flow column (Amersham 

Pharmacia Biotech). Bound protein was washed with 10 mM ATP/MgCl2 (in buffer A). 

DdTK1 was eluted from the column with buffer B (50 mM Tris/HCl pH 8.0, 150 mM 

NaCl, 10 % glycerol, 0.1 % Triton X-100, 10 mM reduced glutathione). The fractions 

were analysed by SDS-Page and those containing the GST-fusion protein were pooled. 

An aliquot of the pooled fractions was incubated for 16 hrs. with thrombin (50 U/ml) 

(Amersham Pharmacia Biotech). The cleaved fusion protein was loaded on a PD-10 

column (Amersham Pharmacia Biotech) and eluted with buffer A. The eluate was again 

loaded on a Glutathione Sepharose 4 Fast Flow column and the flow through contained 

the pure TK1 enzyme. DddAK and DddGK was cleaved 16 hrs. at room temperature on 

the column by loading thrombin (50 U/ml) in buffer A on the column. Pure DddAK and 

DddGK was thereafter eluted in buffer A as the first fractions from the column. Purity of 

the enzymes was confirmed by SDS-PAGE.47 Protein concentrations were determined by 

the method described by Bradford48 using BSA as standard. 

 

Analysis of kinetic data. Kinetic parameters were calculated by nonlinear regression 

analysis using the Michaelis-Menten equation v = Vmax × [S]/(Km + [S]). We did not vary 

the ATP concentration during our kinetic measurements and therefore all values are 

apparent. The kcat was calculated using the equation Vmax = kcat × [E], where [E] is the 

enzyme concentration. It is assumed that there is only one active site pr. monomer. 

Theoretical molecular weights of 28.6 kDa, 25.6 kDa and 33.3 kDa were used for 
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DddAK, DdTK1 and DddGK, respectively, and they include the two extra amino acids 

(Gly+Ser) that remain after cleavage by thrombin.  

One unit (U) of nucleoside kinase activity is defined as 1 µmol of the corresponding 

monophosphate formed/min. 

 

Phosphate donors. 

When screening for alternative phosphate donors the assay conditions were the same as 

stated above except instead of 2.5 mM ATP, 1mM UTP, CTP, GTP or ATP was used 

with 100μM Tritium labeled F-araA. 

 

Structure models 

Homologous sequence alignments were carried out using the ClustalW internet service at 

the European Bioinformatics Institute (http://www.ebi.ac.uk/clustalw). 

A three-dimensional structural model of D. discoideum DddAK was generated using the 

x-ray crystal structure of Mycoplasma mycoides deoxyadenosine kinase (MmdAK) 

solved at 2.7Å (unpublished results Welin et. al 2006). The homology model was 

validated using the molecular modeling program Coot49 and all figures were created 

using the program Pymol (DeLano Scientific, San Carlos, CA, USA). 
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Table 1. Kinetic parameters of the recombinant D. discoideum thymidine kinase 

(DdTK1), deoxyadenosine kinase (DddAK) and deoxyguanosine kinase (DddGK). 

Values are based on two (n=2) or three (n=3) determinations and given as averages ± 

SD, except DddGK with dAdo, which was measured only once (n=1). All three 

recombinant enzymes were assayed for activity with the four natural substrates Thd, 

dAdo, dGuo and dCyd (not shown) and only when activity was detectable with 100 µM 

substrate the kinetic parameters were determined. In addition, the kinetic parameters for 

DddAK with the nucleoside analog F-araA was determined. 

 Vmax [U/mg] Km [μM] kcat [s-1] kcat/Km [s-1/M] 

DdTK1     
Thd (n=3) 17.6 ± 0.1 5.1 ± 2.9 7.5 1.5×106 

DddAK     
Thd (n=2) 0.017 ± 0.001 4.0 ± 1 8.1×10-3 2.0×103 

dAdo (n=2) 7.7 ± 1.1 22.7 ± 0.2 3.7 1.6×105 

F-araA (n=3) 6.9 ± 1.2 146 ± 36 3.3 2.3×104 

DddGK     
dGuo (n=2) 5.4 ± 0.6 1.4 ± 0.2 3.0 2.2×106 
dAdo (n=1) 0.008 206 4.7×10-3 2.3×101 

 

 

Table 2. Phosphate donors. The ability of D. discoideum DddAK to use other phosphate 

donors than ATP for the phosphorylation of F-araA was investigated. The activities were 

measured three times and the results are given as averages ± SD and in percent relative to 

the activity measured under the same conditions with ATP as phosphate donor. All 

phosphate donor concentrations were 1.0 mM and the F-araA concentration was 40 μM. 

1 mM Phosphate donor v [nmol min-1 mg-1] Relative activity [%]
ATP 1149 ± 352 100 
GTP 159 ± 77 14 
CTP 36 ± 15 3 
UTP 21 ± 3 2 



Chapter V                                                                                                                                     Paper IV                                     

________________________________________________________________________ 
89 

Figure legends 

Figure 1. Extracts from growing D. discoideum cells were analysed for their ability to 

phosphorylate the four natural deoxyribonucleosides, Thd, dAdo, dGuo and dCyd, at 100 

μM. The conversion of dAdo in growing cells (1.8 x 10-4 mU/mg) was set to 100 % and 

the other activities were calculated relative to this activity. All four substrates were 

phosphorylated in the growing cells. The activity was measured two times and the 

average value was calculated. 

 

Figure 2. Molecular phylogeny of TKs. Several different algorithms, A) Clustering and 

B) neighbor-joining, resulted in identical topologies of the trees. Bootstrap values from 

1000 replications are given at the nodes as percentages. Accession numbers are in 

brackets. The phylogenetic trees show that the bacterial TKs fall into two groups, the 

Gram-negative group containing E. coli TK and the Gram-positive group containing B. 

cereus TK. Furthermore, in the clade of eukaryotic TK1s the D. discoideum TK1 (marked 

with an arrow) is closer to animal TK1s than plant TK1s are and G. lamblia TK branched 

early in eukaryote evolution. The DdTK1 is apparently a true eukaryotic TK1. 

 

Figure 3. Molecular phylogeny of non-TK1-like dNKs with A) Clustering and B) 

neighbor joining with Herpes simplex TK as outgroup. Accession numbers are in 

brackets. Bootstrap values from 1000 replications are given at the nodes as percentages. 

Note that DddAK and DddGK (marked with arrows) do not group with the 

dCK/dGK/TK2 kinases but rather closer to the bacterial dAKs and dGKs.  
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Figure 4. Enzyme kinetics of the purified recombinant D. discoideum dNKs. All 

reactions were measured with 2.5 mM ATP. The resulting dN dependent reaction 

velocities gave traditional hyperbolic curves to which the Michaelis-Menten equation 

could be fitted. DdTK1 phosphorylated only Thd. DddAK was highly specific for dAdo 

but could also poorly phosphorylate Thd. In addition, DddAK efficiently phosphorylated 

the anti-leukemia pro-drug Fludarabine (F-araA). The DddGK was purine specific and 

efficiently phosphorylated dGuo and very poorly also dAdo. The three dNKs exhibit an 

unusually narrow substrate specificity.   

 

Figure 5. Model of the active center of DddAK. A) dAdo is positioned in the active 

center. Especially noteworthy is the stabilizing hydrogen-bond between the amino-group 

and Asp105. B) F-araA is additionally stabilized by the extra hydrogen-bond between the 

2’-hydroxyl and Arg100, at the Phe63 there is just enough room for the extra fluoride 

atom. C) dGuo and its keto-group is missing the stabilizing hydrogen-bond to Asp105 

and the bulkier amino group clashes with Phe63. This could explain why dAdo and F-

araA are good substrates for the DddAK enzyme whereas dGuo is not.
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Figure 2 

A) 

Giardia lamblia TK1 (EAA40591)

Clostridium perfringens TK (NP_563120)
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Staphylococcus aureus TK (NP_372643)

Dictyostelium discoideum TK1 (AAO64434)

Homo sapiens TK1 (XP_037195)
Danio rerio TK1 (AAO64437)

Arabidopsis thaliana TK1a (AAF13097)
Lycopersicon esculentum TK1 (AF514775)
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Figure 3 

A) 

Herpes simplex TK (P03176)

Clostridium perfringens dAK (DQ384599)

Staphylococcus aureus dAK (ABD37698)

Listeria monocytogenes dAK (DQ384600)

Branchiostoma belcheri NADH (AAQ17206)

Drosophila melanogaster dNK (CAB41881)

Staphylococcus aureus dGK (ABD37700)
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Supplementary material for: 
 

Dictyostelium discoideum salvages purine deoxyribonucleosides by 
highly specific bacteria-like deoxyribonucleoside kinases. 

 
Authors: Michael Paolo Bastner Sandrini, Fredrik Söderbom, Nils E Mikkelsen and Jure 

Piskur. 
 
 
 
 
 

Figure S1. SDS-PAGE of purified recombinant deoxyribonucleoside kinases from 
Dictyostelium discoideum. DddAK, deoxyadenosine kinase; DddGK, deoxyguanosine 
kinase and DdTK1, thymidine kinase. A molecular weight marker (Invitrogen) was 
loaded on each side of the recombinant enzymes. 
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Summary 

A variety of FDA-approved nucleoside analog drugs were screened for their 

potential bactericidal activity against several clinical bacterial isolates. The Gram-

negative bacteria were susceptible to 3’-azido-thymidine (AZT) in the concentration 

range 1 - 31.6 μM. Accordingly, 2’,2’-difluoro-2’-deoxycytidine (gemcitabine) was a 

potent antibiotic against Gram-positive bacteria in the concentration range between 

0.01 μM and 0.0316 μM. We identified and subsequently sub-cloned the genes 

coding for putative thymidine kinase 1 (TK1) -like and non-TK1-like 

deoxyribonucleoside kinases (dNKs) in Escherichia coli, Pasteurella multocida, 

Salmonella enterica, Yersinia enterocolitica, Bacillus cereus, Clostridium perfringens 

and Listeria monocytogenes. These genes were tested for their ability to increase the 

susceptibility of a dNK deficient E. coli strain towards different nucleoside analogs. 

We purified and fully characterized all dNKs from the Gram-positive B. cereus and 

Gram-negative S. enterica. Purified recombinant S. enterica thymidine kinase 

(SeTK) phosphorylated AZT efficiently with a Km of 73.3 μM and kcat/Km 6.6 × 104 s-

1M-1. B. cereus deoxyadenosine kinase (dAK) had a Km for gemcitabine of 33.5 μM 

and kcat/Km
 5.1 × 103 s-1M-1. Apparently, bacterial dNKs efficiently activate 

nucleoside analogs in a species specific manner. Therefore, nucleoside analogs have 

a potential to be employed as antibiotics in the fight against emerging multi-

resistant bacteria. 
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Introduction 

Multi-resistant pathogenic bacteria are emerging all over the world as an increasing threat 

to our health (WHO, 2002; Jones and Pfaller, 1998; Alekshun and Levy, 2006). Selected 

by the use of antibiotics for more than half a century, the resistant pathogenic bacteria 

thrive in different places including hospitals, animal husbandries, pig- and poultry-farms 

from where they spread to humans and cause severe illness (Silva Coimbra et al., 2003; 

Aarestrup, 2005). Vancomycin, a glycopeptide antibiotic preventing peptidoglycan 

synthesis in Gram-positive bacteria, was for long thought of as a last resort antibiotic to 

treat Gram-positive bacterial infections. However, multiple resistant bacteria have 

emerged during recent years, including glycopeptide- and methicillin resistant 

Staphylococcus aureus, multi-resistant Pseudomonas aeruginosa and cephalosporin 

resistant Gram-negative rods leaving the clinician with few therapeutic alternatives and 

emphasize the urgent need for new ways of combating these multi resistant pathogens 

(Bratu et al., 2005; Weigel et al., 2003; Rice, 2006; Silva Coimbra et al., 2003). In 

particular, immunocompromised individuals suffer severely from infections by multi-

resistant pathogenic bacteria, often with fatal outcome since ordinary antibiotic treatment 

is inadequate (Stein et al., 1992). Therefore, there is a need to develop new antibiotics for 

the future.  

 

Nucleoside analogs comprise a major group of chemotherapeutic prodrugs. In their 

activated form, they serve as potent inhibitors of viral replication (Mitsuya et al., 1985) 

and anti-proliferatives in the battle against cancerous cells (Plunkett, Huang, and Gandhi, 

1995). For many years 5-fluoro-uracil (FU) and 5-fluoro-deoxyuridine (FdUrd) have 
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been the anticancer drugs of choice when treating colorectal cancers (Van Laar et al., 

1998) and simultaneously FU and FdUrd have served as invaluable antibacterial agents in 

the elucidation of bacterial DNA metabolism (Beck et al., 1972). The antimetabolite 

action of FdUrd is achieved mainly through inhibition of thymidylate synthase (TS) by 

fluoro-deoxyuridine monophosphate (FdUMP) (Cohen et al., 1958). Gemcitabine (2’,2’-

di-fluoro-2’deoxycytidine) is also a very successful anti-cancer pro-drug. Gemcitabine 

causes both inhibition of ribonucleotide reductase (RR) and termination of DNA 

synthesis (Plunkett, Huang, and Gandhi, 1995). The anti-retroviral nucleoside analog 

AZT (3’-azido-3’-deoxy-thymidine) is a pro-drug used in the treatment of HIV 

infections. In its tri-phosphorylated form AZT inhibits HIV reverse transcriptase and 

thereby blocks viral replication (Mitsuya et al., 1985). Common for all three substances is 

that they are pro-drugs and need activation by an endogenous deoxyribonucleoside kinase 

(dNK) to exert their cytostatic effect. 

 

The dNKs are the key enzymes in the salvage of deoxyribonucleosides (dNs). The first 

and committed step in the salvage of dNs is the phosphorylation of the dN by dNKs to 

the corresponding deoxyribonucleoside monophosphate (dNMP). The monophosphates 

are further phosphorylated in two steps to deoxyribonucleoside triphosphates (dNTPs). 

Through the salvage of dNs, cells supplement the de novo synthesis of deoxyribonucleic 

acids precursors for DNA synthesis and repair. Humans have four different dNKs 

(thymidine kinase 1 (TK1), deoxycytidine kinase (dCK), deoxyguanosine kinase (dGK) 

and thymidine kinase 2 (TK2)) which phosphorylate the native dNs (thymidine (dThd), 

deoxycytidine (dCyd), deoxyguanosine (dGuo) and deoxyadenosine (dAdo)) with 
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overlapping specificities, for review see (Arner and Eriksson, 1995; Eriksson et al., 2002; 

Sandrini and Piskur, 2005). Recently, based on similarity and structural data, dNKs have 

been divided into two super-families. The TK1-like family is comprised of homologs of 

the human TK1 and the non-TK1-like family is comprised of homologs of the human 

dCK, dGK and TK2 (Sandrini and Piskur, 2005). The number of kinases and their 

substrate specificities vary in other eukaryotes. Insects have only one dNK (in 

Drosophila melanogaster Dm-dNK) with broad specificity and the ability to 

phosphorylate all four native substrates with high efficiency (Munch-Petersen, Piskur, 

and Sondergaard, 1998). In general, each organism has kinases with very specific 

substrate specificity.  

However, not much is known about the diversity of dNKs in bacteria, but at least three 

different kinds of enzymes, thymidine kinase TK, dAK and dGK were reported (Black 

and Hruby, 1991; Bockamp, Blasco, and Vinuela, 1991; Andersen and Neuhard, 2001; 

Carnrot et al., 2003; Ives and Ikeda, 1998; McNab, 1996; Wang et al., 2001). 

Here we present a screening of several anti-cancer and anti-viral (deoxy)-ribonucleoside 

analogs for their bactericidal effect on various pathogenic bacterial isolates. In addition 

we present the identification and cloning of dNKs from Bacillus cereus, Salmonella 

enterica, Clostridium perfringens, Listeria monocytogenes, Yersinia enterocolitica and 

Pasteurella multocida and we show that the activation and lethal effect of AZT and 

gemcitabine in these bacteria is mediated in a species specific manner by endogenously 

encoded dNKs. B. cereus is the first Gram-positive bacteria for which the whole 

repertoire of dNKs is characterized.  
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Results 

Susceptibility of pathogenic bacteria 

Twenty-five pathogenic bacterial isolates and type strains (see Table 1), covering 11 

Gram-positive and Gram-negative genera, were tested for their susceptibility towards 

different nucleoside analogs, including AZT, FdUrd, 2-chloro-deoxyadenosine (CdA), 9-

beta-D-arabinofuranosyl-2-fluoroadenine (F-AraA), D-arabinosyl adenine (AraA), D-

arabinosyl cytosine (AraC) and gemcitabine (Figure 1). Cell suspensions of the 

pathogenic bacteria were spotted on Mueller-Hinton agar plates containing a dilution-

series of the aforementioned nucleoside analogs. Of the analogs tested CdA, F-araA, 

AraA and AraC had no or very limited effect on the isolates. However, gemcitabine was 

very efficacious towards the Gram-positive bacteria (Table 1). Listeria, Bacillus, 

Enterococcus, and Staphylococcus isolates were susceptible to gemcitabine 

concentrations between 0.01 μM and 1.0 μM (Table 1). Gram-negative strains did not 

show any significant susceptibility to gemcitabine. The Gram-negative strains were all, 

with the exception of P. aeruginosa and one E. coli isolate (07529-1), susceptible to AZT 

in concentrations between 0.0316 μM and 31.6 μM. Conversely, none of the Gram-

positive bacteria were susceptible to AZT. FdUrd was active towards both Gram-positive 

and Gram-negative bacteria; however the lowest minimal inhibitory concentrations 

(MICs) were for the Gram-positive strains in the range from 0.00316 μM to 1 μM. The 

Gram-negative strains responded to somewhat higher FdUrd concentrations having MICs 

between 1 μM and 10 μM, only the E. coli K12 strain was more susceptible and again P. 

aeruginosa and one E. coli isolate were unaffected. Apparently, in several cases a 

nucleoside drug was successfully transported into the cell, likely phosphorylated and 
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clearly having a detrimental effect on the cell metabolism. To understand the mechanism 

behind the specific activation of each successful drug we investigated the possible role of 

endogenous dNKs in the observed susceptibilities. We analyzed the genomes of the 

susceptible and two other (C. perfringens and P. multocida) pathogenic bacteria for 

putative dNK encoding genes, cloned putative dNK genes and tested them in E. coli for 

their ability to activate the pro-drugs in a heterologous surrounding.  

 

Identification and cloning of bacterial dNKs. 

Bacterial genome sequences of six selected human or domesticated animal pathogens 

were searched for dNK homologs. Several known dNKs amino acid sequences were 

employed in the search. Seven TKs and four non-TKs were identified and subsequently 

the corresponding tdk, dak and dgk genes were cloned from isolated genomic DNA into 

the pGEX-2T expression vector (Table 2). The TKs were from B. cereus (BcTK); L. 

monocytogenes (LmTK); C. perfringens (CpTK); P. multocida (PmTK); S. enterica 

(SeTK) and Y. enterocolitica (YeTK.) Also the E. coli TK (EcTK) was cloned into the 

same vector. The overall amino acid identity to human TK1 was lowest for LmTK 

(14.9%) and highest for BcTK (29.9%). The amino acid identity of SeTK to BcTK was 

21.1% and the observed TKs phylogenetic relationship showed that BcTK was more 

closely related to eukaryotic TK1-like TKs than to the Gram-negative type (Figure 2) 

consistent with our previous studies (Sandrini et al., 2006). Non-TK1-like kinases were 

found only in the Gram-positive bacteria fraction of the pathogenic bacteria searched. B. 

cereus dAK (BcdAK) and dGK (BcdGK); L. monocytogenes dAK (LmdAK) and C. 

perfringens dAK (CpdAK) encoding genes were cloned. The bacterial non-TK-like 
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kinases are related but distinct from the eukaryotic non-TK1-like like kinases like human 

dCK, dGK and TK2. They comprise a separate group of kinases and it appears that 

CpdAK and LmdAK are similar to the L. acidophilus dAK/dGK kinases (Ives and Ikeda, 

1998). Overall CpdAK and LmdAK are 40% identical to the L. acidophilus dAK/dGK 

kinases which seem to originate from a post-speciation duplication of the original gene 

(Figure 2). Furthermore, the dGK gene found in the Bacillus genus was absent in both C. 

perfringens, L. monocytogenes and L. acidophilus. No dNK homologs were found in the 

genomes of P. aeruginosa or Helicobacter pylori. Likely, these two bacteria have lost 

their dNK encoding genes. 

 

Susceptibility of E. coli harboring heterogeneous dNKs.  

In Table 2 we show the susceptibility of the TK deficient E. coli strain KY895 (Igarashi, 

Hiraga, and Yura, 1967) transformed with the vectors harboring the cloned kinase genes. 

Expression of the kinases relied on the low basal level expression. AZT was effective 

whenever the strain was transformed with a tdk gene regardless the origin, Gram-negative 

or Gram-positive, which is “contradictory” to the in vivo susceptibility test (Table 1) and 

earlier studies that showed that Gram-positives were not susceptible to AZT (Elwell et 

al., 1987). AZT concentrations in the range 10 nM to 10 μM inhibited the growth of 

KY895 transformed with tdk. CpTK was the least effective recombinant TK killing the 

recombinant E. coli at 10 μM AZT, but gave at least a 10 fold increase in susceptibility 

compared to the control (empty pGEX-2T vector). More than 1.000 to 10.000 fold 

increase in susceptibility was observed with SeTK, BcTK (Figure 3) and YeTK (Table 

2). KY895 did show significantly increased susceptibility towards gemcitabine when 
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transformed with the BcdAK or CpdAK genes (Figure 4). Both genes/kinases increased 

the susceptibility of KY895 towards gemcitabine dramatically as they resulted in at least 

a 10.000 fold decrease in MIC compared to the control (Table 2). TKs, LmdAK and 

BcdGK did not cause such a significant change in MIC with gemcitabine. Only KY895 

transformed with BcTK and PmTK showed increased susceptibility towards FdUrd, with 

a MIC of 0.01μM whereas all other, including the control, had a MIC of 0.316 μM. The 

result is not immediately surprising since other enzymes like the thymidine 

phosphorylase and to some extent also uridine phosphorylase rapidly degrade FdUrd 

(Beck et al., 1972). The results presented in Figure 3, Figure 4 and Table 2 demonstrate 

that dNKs are responsible for the susceptibilities observed in Table 1. To further 

investigate the substrate specificities of the most characteristic kinases we measured the 

kinetic parameters of purified recombinant enzymes.  

 

Purification of recombinant kinases 

We attempted to fully characterize the whole dNK repertoire of two bacteria. 

Recombinant SeTK from the Gram-negative S. enterica and BcTK, BcdAK and BcdGK 

from the Gram-positive B. cereus were expressed in E. coli and purified using affinity 

chromatography. The N-terminal GST-fusion provided by the pGEX-2T vector was used 

as affinity-tag for the purification of BcTK, BcdAK and BcdGK. Thrombin was used as a 

specific protease cleaving the GST-tag from the kinase of interest while still bound on the 

GSH-column leaving only two extra amino acids (glycine and serine) at the N-terminus. 

Afterwards, pure recombinant protein was eluted from the GSH-column. The GST-fusion 

with SeTK was not a good substrate for thrombin yielding only trace amounts of the 
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cleaved SeTK. Therefore, the tdk gene from S. enterica was subcloned into the pASK75-

8His vector (Knecht et al., 2002) to obtain SeTK with a C-terminal histidine tag. This 

protein was easily purified on a Ni-NTA column. SDS-PAGE of the pure proteins is 

shown in Figure 5 and is in reasonable agreement with the theoretical molecular weights. 

The theoretical molecular weights for the purified recombinant BcdAK, BcdGK, BcTK 

and SeTK were 26.2 kDa, 24.8 kDa, 21.8 kDa and 25.7 kDa, respectively and include the 

modifications that remain after purification (for BcdAK, BcdGK and BcTK two amino 

acids on the N-terminus originating from the thrombin cleavage site; for SeTK a nineteen 

amino acids long tag on the C-terminus). Substrate specificity and kinetics of these 

enzymes was characterized using ATP as the phosphate donor. 

 

Kinetics of thymidine kinases 

SeTK showed typical Michaelis-Menten kinetics with Thd and dUrd, having Thd as the 

preferred substrate (Figure 6A and 6C, Table 3). The Km for Thd was 34 μM, 

approximately 4 times lower than for dUrd. However, SeTK was almost equally specific 

for AZT as for Thd (Table 3) having kcat/Km values of 6.62 × 104 s-1M-1 and 9.41 × 104 s-

1M-1, respectively, although SeTK showed characteristic substrate inhibition with 

declining reaction rates at AZT concentrations above 200 μM (Figure 6B). Using non-

linear regression and the expression for substrate inhibition, the Km for AZT was 

determined to 73.3 μM and Kis 754 μM. BcTK also had Thd as the preferred substrate 

over dUrd, but in comparison to SeTK the BcTK enzyme was much more specific for 

Thd with a kcat/Km of 1.08 × 106 s-1M-1, approximately 10 times higher than for dUrd and 

4 times higher than for AZT. Generally, the BcTK had much lower Km for the three 
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substrates than did SeTK. We could not detect any ATP dependent phosphorylation of 

dAdo, dGuo or dCyd by neither of the BcTK or SeTK. BcTK, like SeTK, showed 

pronounced substrate inhibition with AZT and declining reaction rates were observable at 

AZT concentrations above 8 µM. Km was determined to be 4.43 μM and Kis for the AZT 

substrate inhibition was 84.6 μM. The clear substrate inhibition is demonstrated from the 

Eadie-Hofstee plots in Figure 6B and 6E.  In short, both TK enzymes could efficiently 

phosphorylate AZT. 

 

Kinetics of dAK and dGK kinases 

BcdAK was almost equally specific for dAdo and dCyd, the only two natural substrates 

accepted by BcdAK. kcat/Km was 3.68 × 104 s-1M-1 and 2.02 × 104 s-1M-1 for dAdo and 

dCyd respectively (Table 3). In addition BcdAK also efficiently phosphorylated 

gemcitabine albeit with lower turnover than for the natural substrates, kcat/Km was 5.05 × 

103 s-1M-1. The reactions followed Michaelis-Menten kinetics for all three substrates and 

the Km values were in the same range, 33.2 μM, 27.0 μM and 33.5 μM for dAdo, dCyd 

and gemcitabine respectively. Purified BcdGK was extremely specific and 

phosphorylated only dGuo with a Km of 4.4 μM for dGuo, the only natural dN it accepted 

(Table 3). The efficiency constant kcat/Km was 2.09 × 105 s-1M-1. These results clearly 

show that BcdAK efficiently phosphorylated gemcitabine. 

 

Discussion 

Only a few kinases of bacterial origin have so far been studied for substrate specificity 

and kinetics and not even a single Gram-positive bacterial species have been thoroughly 
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analyzed for the whole set of dNKs. L. acidophilus R-26 relies completely on dN salvage 

for DNA synthesis (Ives and Ikeda, 1998). The four dNK activities in L. acidophilus R-

26 are encoded by three open reading frames in the genome. A tandem gene dak-dgk 

encodes three subunits of the heterodimeric enzymes dAK/dGK and dAK/dCK. The dCK 

subunit is produced by a post-translational modification where the second and third 

amino acid is excised from the dgk gene-product. The mechanism for this is still 

unknown. A separate gene encodes a TK-like enzyme but this enzyme has not been 

studied (Ives and Ikeda, 1998). In Bacillus subtilis two overlapping genes, yaaG and 

yaaF encode the dGK and dAK/dCK kinases, respectively. dGK phosphorylates dGuo 

whereas dAK/dCK phosphorylates dAdo and dCyd (Andersen and Neuhard, 2001). 

Thymidine kinase activity was measured in extracts of B. subtilis (Saito and Tomioka, 

1984; Saito, Tomioka, and Ohkido, 1985; Mollgaard, 1980) but the corresponding gene 

and enzyme has not been characterized. Mycoplasma species, despite the absence of a 

cell wall, are phylogenetically related to Gram-positive bacteria and like the Gram-

positive bacteria described in this study, Mycoplasmas also encode TK1 and non-TK1-

like kinases  (Carnrot et al., 2003; Wang et al., 2001). Unlike the previously described 

organisms, E. coli only has one deoxyribonucleoside kinase, TK which only 

phosphorylates dThd and dUrd (Okazaki and Kornberg, 1964). In this study B. cereus 

and S. enterica were fully characterized for all their kinases. In addition, several kinases 

from other bacteria were described.  

It seems like the preservation of non-TK1-like kinases within Gram-negative bacteria is 

sporadic. For instance, we did not find any other dNK encoding genes than TKs within 

the alpha-, gamma- or epsilon proteobacteria. However several putative non-TK-
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encoding genes were identified within the group of beta proteobacteria species (results 

not shown). We identified and cloned seven novel TKs and four novel non-TK1-like 

dNKs from bacteria that cause mild to life threatening diseases in humans. The 

phylogenetic analysis of the cloned kinases were consistent with earlier studies of 

bacterial putative TKs (Sandrini et al., 2006) and grouped Gram positive TKs together 

with eukaryote TK1-like kinases. The low Km value of BcTK with Thd is comparable to 

that of human TK1 (Munch-Petersen et al., 1991) and supports the obtained phylogenetic 

relationships. Furthermore, the phylogenetic analysis reveals that CpdAK and LmdAK 

are related to the L. acidophilus dAK/dGK kinases (LadAK/LadGK), which seem to be a 

result of a post-speciation duplication of the original gene (Figure 2). 

Gemcitabine was quite an effective antibiotic when tested on L. monocytogenes isolates. 

However, it is puzzling that the LmdAK did not cause any significant increase in 

susceptibility when tested in KY895 since this is the only dNK in L. monocytogenes 

which could activate gemcitabine. However, the similarity of LmdAK to LadAK and 

LadGK and their post translational modification in L. acidophilus (Ives and Ikeda, 1998) 

could explain the missing effect of gemcitabine in the heterologous environment of 

KY895. BcdAK had a much broader substrate preference than BcdGK. BcdAK accepted 

dAdo and dCyd with only slightly higher preference for the purine nucleoside. In 

addition, gemcitabine was also a substrate for BcdAK, albeit 4 times poorer than dCyd. 

BcdGK was highly specific. Like B. subtilis dGK (BsdGK), BcdGK phosphorylated only 

dGuo. The two highly similar kinases BsdGK and BcdGK (50% identity) phosphorylated 

dGuo equally well with kcat/Km of 2.4×105 s-1M-1 (Andersen and Neuhard, 2001) and 

2.1×105 s-1M-1, respectively. Thus, it seems that the non-TK1-like kinases in B. cereus 
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behave like those in B. subtilis. The substrate specificities of the non-TK1-like kinases 

from bacteria that have been characterized to date vary to great extent. BcdGK and 

BsdGK (Andersen and Neuhard, 2001) only phosphorylate one natural substrate dGuo, 

wheras the dAK from Mycoplasma mymySC phosphorylate dAdo, dGuo and dCyd (Wang 

et al., 2001). By contrast, the dAKs in B. subtilis and B. cereus, as described here, only 

accept dAdo and dCyd. So far no kinase specific only for dAdo has been characterized. 

The wide variety in kinase substrate preferences and organization of the kinase encoding 

genes suggest that each bacterial species could have very specific affinity towards 

different nucleoside analogs.  

Apparently, kinase genes are well and differentially distributed among different bacteria 

and represent potential species specific activators of nucleoside pro-drugs. Indeed, we 

showed that several nucleoside analogs could be employed as species specific antibiotics 

(Table 1). AZT, was specific for Gram-negative Enterobacteriaceae, while it had no 

effect on P. aeruginosa and all Gram-positive bacteria employed. Our findings that no 

dNK encoding genes are present in the P. aeruginosa genome is consistent with its 

susceptibility profile towards the nucleoside analogs presented here and in earlier studies, 

which conclude that no TK activity can be measured in the extracts from this organism 

(Saito and Tomioka, 1984). Some of the most prolific human pathogens of Gram-

negative bacterial origin belong to the Salmonella and Yersinia genera. The results 

presented here show that members of both genera are highly susceptible to AZT and 

FdUrd. Earlier studies have concluded that both E. coli and Salmonella typhimurium were 

much more susceptible to AZT than Y. enterocolitica (Elwell et al., 1987). In our 

investigation all three species responded well to AZT in the range of 1 μM - 31.6 μM. 
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The reason for this discrepancy with earlier literature is not clear. By contrast, 

gemcitabine was specific for the Gram-positive bacteria and targeted Bacilli, Enterococci, 

Staphylococci and Listeria. The result is consistent with the presence of non-TK1-like 

kinases that eventually could activate gemcitabine in these organisms (Figure 2, Table 2). 

The best effect of gemcitabine was observed in B. cereus and Staphylococcus epidermidis 

where the MIC was 0.0316 μM.  

The AZT susceptibility observed in this study clearly relates to TK activity and 

apparently the KY895 strain is a good model to study AZT activation. Non-TK1-like 

dNKs did not render the KY895 susceptible to AZT. Earlier studies have suggested the 

bactericidal effect of AZT to be exerted by the tri-phosphorylated form as it causes chain 

termination upon incorporation in DNA during synthesis. Furthermore, mutants lacking 

TK activity have been shown to be resistant towards AZT (Elwell et al., 1987) and we 

show here that the recombinant TKs efficiently phosphorylate AZT in a concentration 

dependent manner, where AZT concentrations well above Km inhibits the reaction. Thus, 

the first step in the activation of AZT is the phosphorylation by TK. The results presented 

here further establish that also TKs from Gram-positive bacteria efficiently phosphorylate 

AZT. Therefore, it is rather surprising that Gram-positive organisms themselves are not 

susceptible to AZT. 

Human immunodeficiency virus (HIV) infected patients are known to have a high 

occurrence of Salmonella bacteremia (SB) which left without successful treatment could 

lead to sepsis and death. However, reports that AIDS patients receiving treatment with 

AZT (Retrovir®) does not get Salmonella infections or have a lower recurrence, indicates 

a new strategy for antibacterial treatment (Casado et al., 1999). The high dose tolerability 
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of AZT in man establishes AZT as a candidate for a last resort treatment of some 

bacterial infections like multi-resistant Salmonellae. To our surprise, one of the clinical 

E. coli isolates (Strain ID 07529-1) tested in this study was also resistant to AZT (Table 

1). In theory, AZT resistance could easily evolve as a result of mutations affecting the 

activity of the nucleoside transporter, TK activity, thymidylate kinase specificity or even 

DNA-polymerase specificity. Indeed, bacterial isolates from AIDS patients receiving 

anti-HIV treatment with AZT have shown to contain AZT-resistant bacteria (Lewin et al., 

1990) and Elwell et al. showed that when liquid media containing AZT was inoculated 

with E. coli or S. typhimurium  TK deficient mutants arose (Elwell et al., 1987). The 

antibacterial activity of AZT in Gram-negative Enterobacteriaceae is mainly due to the 

phosphorylation and thereby activation of the drug by an endogenous TK (Elwell et al., 

1987). Our results presented in this communication further establish AZT as a Gram-

negative specific antibiotic and elucidates the underlying activation kinetics. 

In Gram-positive bacteria, AZT is believed to utilize the same membrane transporter as 

Thd, and it has been suggested that the resistance towards AZT was due to insufficient 

phosphorylation by TK (Lewin, Allen, and Amyes, 1990). When we transformed E. coli 

with tdk’s from Gram-positive bacteria, E. coli became susceptible to AZT. In addition, 

purified recombinant BcTK efficiently phosphorylated AZT with 16 times lower Km 

(4.43 μM) than SeTK. Compared to BcTK, E. coli TK also has a relatively high Km for 

AZT, 21 μM (Elwell et al., 1987). Therefore, we have to assume that AZT is readily 

phosphorylated also in Gram-positive bacteria to AZT-monophosphate. The AZT-

monophosphate is most likely not a good substrate for the thymidylate kinases in Gram-

positive bacteria as have already been described for human, yeast and Yersinia pestis 
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TMPKs (Lavie et al., 1998; Chenal-Francisque et al., 1999). The AZT insensitivity of 

Gram-positive bacteria could then result from a combination of several plausible 

specifics, I) insufficient TMPK activity with AZT. II) Insufficient AZT transport. III) 

AZT-triphosphate is not a good substrate for the Gram-positive DNA-polymerase. IV) 

Rapid degradation of AZT. Which of these scenarios are responsible for the AZT 

resistance in Gram-positive bacteria is unclear. Nonetheless, the bactericidal effect of 

AZT seen in Gram-negative bacteria is not achieved in the Gram-positive bacteria 

employed in this study, ruling out AZT as a possible agent for antibacterial treatment of 

infections by multi-resistant Gram-positive bacteria.  

 

FdUrd caused very increased susceptibility in the Gram-positive strains; however the 

effect of FdUrd was not immediately visible or distinguishable when the KY895 was 

transformed with heterogeneous kinases. Only BcTK and PmTK caused increased 

susceptibility in KY895. In a similar study Mycoplasmas were shown to be susceptible to 

FdUrd but the complete nucleoside metabolism in this group of mollicutes is not yet 

elucidated (Carnrot et al., 2003). It is possible that the degradation of FdUrd to fluoro-

uracil (FU) in KY895, which was derived from K12, is so rapid that the MIC observed in 

KY895 and K12 is caused by FU and its metabolites rather than FdUMP but it is worth 

noting that the MIC of the E. coli K12 strain (Table 1) with FdUrd is the same as the 

KY895 transformed with the empty vector and most of the other constructs. Hence, we 

can not, based on our results, claim the dNKs as important players in the activation of 

FdUrd. For the purified BcdAK, gemcitabine was almost a 10 times poorer substrate than 

dAdo and dCyd. Regardless, the effect on several of the Gram-positive bacteria was 
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astonishing. Already a successful anticancer drug, gemcitabine could also turn out to be 

an effective antibiotic in the fight against multi-resistant pathogenic bacteria.  

 

In conclusion, nucleoside analogs used in treatment of viral-infections and cancer also 

have a potential to be activated by dNKs in bacteria and thereby used as species-specific 

antibiotics for treatment of bacterial infections, especially those caused by multi-resistant 

bacteria. Given the alarming rise in the incidence of multi-resistant bacteria, this is a 

welcome discovery. 

 

Experimental procedures 

Strains  

Strains tested on various analogs were from the Royal Danish Veterinary Institute (DVI) 

collection. Strains and identifiers are listed in Table 1. For cloning and expression of the 

recombinant dNKs the TK negative E. coli strain KY895 (F ¯, tdk-1, ilv) (Igarashi, 

Hiraga, and Yura, 1967) was used.  

 

Susceptibility of bacterial isolates 

Nucleoside analogs used in the susceptibility tests were obtained from Sigma except for 

gemcitabine, which was from Thykn (India) International (Mumbay, India).  

Bacterial isolates were grown over night on Columbia blood agar plates from SSI 

Diagnostika (Hilleroed, Denmark), harvested from the plates and diluted to McFarland 

0.5 in 0.9% NaCl, diluted additionally 10 times and spotted on Mueller-Hinton Agar 

(Oxoid) containing varying nucleoside analog concentrations. Plates were incubated for 
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20 hrs. at 37ºC and the minimum inhibitory concentration (MIC) was determined by 

visually inspecting the plates for growth. MIC is defined as the lowest concentration of 

nucleoside analog which completely inhibits the growth of bacteria.  

 

Isolation of genomic DNA 

Cultures of different bacterial strains employed in this study were harvested and genomic 

DNA was purified using the Easy-DNA Isolation Kit (Invitrogen) using the instructions 

provided by the manufacturer. Gram-positive bacteria were pretreated with either 

lyostaphin or lysozyme. 

 

Cloning 

Genes encoding putative dNKs were identified in GenBank by searching all at the time 

available complete genomes for homologs of human TK, E. coli TK, BsdAK, BsdGK, 

human dCK, human dGK, L. acidophilus dAK and dGK and Dm-dNK. Open reading 

frames (ORFs) identified by homology to known dNKs were amplified from the genomic 

DNA by PCR and cloned into the BamHI and EcoRI site of the commercially available 

expression vector pGEX-2T (GE-Healthcare) using standard molecular biology 

techniques. The resulting constructs have a N-terminal GST fusion tag with a thrombin 

protease cleavage site between the GST-tag and the protein of interest (POI). One 

particular TK from S. enterica was also subcloned in pASK75-8His (Knecht et al., 2002). 

This construct provides a C-terminal 8× histidine tag. The cloned genes were sequenced 

using a commercial service (MWG-Biotech, Germany). Sequences of the cloned genes 

were deposited in GenBank under the accession numbers given in Table 2. 
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Susceptibility of E. coli harboring recombinant kinases 

Over night cultures of KY895 freshly transformed with pGEX-2T vector constructs 

described earlier were diluted 200 times in 10% glycerol and spotted sequentially on M9 

plates supplemented with 100 μg/ml ampicillin, 0.2% glucose, 5 mg/L thiamine, 1 g/L 

casamino acids and varying nucleoside analog concentration. Susceptibility was visually 

inspected and MIC was noted as the concentration where growth was no longer visible 

(Figure 3 and 4) and Table 2.  

 

Expression of recombinant proteins 

Expression of recombinant GST-fusion or histidine-tagged dNKs was done in E. coli 

KY895. Freshly transformed KY895 was grown to an OD600 = 0.5-0.7 at 37ºC and 

induced 4 to 6 hrs. at 25ºC with 100μM IPTG for pGEX-2T constructs or 200μg/L 

anhydro-tetracycline (AHT) for pASK75-8His constructs. Cells were harvested by 

centrifugation and the pellets frozen at -80ºC.   

 

Purification of recombinant deoxyribonucleoside kinases 

Pellets from pGEX-2T-fusion expressions (BcTK, BcdGK and BcdAK) were 

resuspended in binding buffer (PBS pH 7.3, 10% glycerol, 0.1% Triton-X-100) with 

EDTA-free complete inhibitor cocktail (Roche) and disrupted by running the suspension 

3 times through a French Press. Cell debris was removed by centrifugation at 20.000g for 

30 minutes and subsequently the supernatant was filtered through a 0.45 μm cellulose 

acetate filter. Liquid chromatography was done on AKTAprime and AKTAexplorer 100 
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systems. The crude extract was loaded on a glutathione sepharose FF column and washed 

with binding buffer. In the purification of BcTK, 10 mM ATP/MgCl2 in binding buffer 

was recycled over the column for 1 hr. at room temperature and washed away with 

binding buffer. The column was then either (i) incubated for 16 hrs. with 1 column 

volume  (CV) binding buffer containing thrombin (50 U/ml) from GE Healthcare, or (ii) 

1 CV binding buffer containing thrombin (100 U/ml) from Biofac A/S, Denmark was 

recycled for 16 hrs. and pure protein was eluted. Un-cleaved fusion protein and bound 

GST-tag were eluted with elution buffer (50 mM Tris/HCl pH 8.0, 10% Glycerol, 0.1% 

triton-X-100, 10 mM reduced L-glutathione).  

Lysate from the pASK75-8His based expression of SeTK was prepared as above by 

French press and centrifugation, but the binding buffer was Tris/HCl pH 7.5, 500 mM 

NaCl, 0.1% triton X-100, 10% glycerol. Following centrifugation 10% streptomycin 

sulfate was added slowly to the supernatant while stirring until a final concentration of 

2% was reached. After another centrifugation (20.000g for 30 minutes) the supernatant 

was gel-filtrated on a G25 sepharose column. The protein containing fractions were 

pooled and loaded on a Ni-NTA sepharose column. After washing with binding buffer + 

10% elution buffer (Tris/HCl pH 7.5, 500 mM NaCl, 0.1% Triton X-100, 10% Glycerol, 

500 mM imidazole) pure protein was eluted with a 20 CV gradient to 100% elution 

buffer. Peak fractions were pooled and buffer was exchanged by gel-filtrated on G25 

sepharose to 20mM Tris/HCl pH 7.5, 20 mM NaCl, 10% glycerol and then reapplied to 

the Ni-NTA column and washed with buffer without Triton-X-100 (20 mM Tris/HCl pH 

7.5, 20 mM NaCl, 10% glycerol) and eluted with 20mM Tris/HCl pH 7.5, 20 mM NaCl, 

10% glycerol, 500 mM imidazole. Finally, the pure protein was subjected to gel-filtration 
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in 20 mM Tris/HCl pH 7.5, 20 mM NaCl, 10% glycerol and concentrated with an 

Amicon centriprep cartridge (Millipore, USA).   

The purifications were followed by monitoring the A280 online and visualized by 

denaturing SDS-PAGE as described by (Laemmli, 1970). Protein concentrations were 

determined by Bradford using BSA as standards (Bradford, 1976) and by measuring A280 

in a NanodropTM spectrophotometer.  

 

Kinetic measurements. Deoxyribonucleoside kinase activities were determined by initial 

velocity measurements based on four time samples by the DE-81 (Whatman inc.) filter 

paper assay using varying tritium-labeled deoxyribonucleoside substrate concentrations 

(Munch-Petersen et al., 1991). All radiolabeled substrates were from Moravek 

Biochemicals Inc. and GE Healthcare. The standard assay conditions were: 50 mM 

TRIS/HCl pH 8.0, 10mM DTT, 2.5 mM ATP, 2.5 mM MgCl2. 3 mg/ml BSA, 0.5 mM 

CHAPS. 

One unit (U) of deoxyribonucleoside kinase activity is defined as 1 µmol of the 

corresponding monophosphate formed/min. 

 

Analysis of kinetic data. Kinetic data were evaluated by nonlinear regression analysis 

using the Michaelis-Menten equation v = Vmax × [S]/(Km + [S]) or when ever substrate 

inhibition was evident nonlinear regression was applied using the equation for substrate 

inhibition v = (Vmax × [S])/(Km+[S]+([S]2/Kis)). Eadie-Hoffstee plots (v/s against v) were 

also calculated to illustrate the substrate inhibition. 
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Phylogenetic analysis 

Amino acid sequences were aligned using ClustalX v. 1.81 with default settings 

(Thompson et al., 1997) and phylogenetic analysis was done with TreeCon v. 1.3b (Van 

de Peer and De Wachter, 1994). 
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Table 2. Susceptibility test, expressed as MICs, of E.coli KY895 expressing heterologous 
deoxyribonucleoside kinases from pathogenic bacteria compared to the KY895 
harbouring the empty vector pGEX-2T. The MIC is given as the range of at least two 
independent experiments. TKs sensitized KY895 towards AZT and dAK towards 
gemcitabine. Acc. Nr. refers to the number under which the cloned sequence was 
deposited in GenBank.  
  MIC [μM] 
Organism/Kinase Acc. Nr. AZT FdUrd Gemcitabine 
Bacillus cereus   

BcTK DQ384595 0.01-0.1 <0.01 31.6 
BcdAK DQ384596 >316 0.316 0.001-0.00316 
BcdGK DQ384597 316 0.316 31.6 

S. enterica   
SeTK DQ384603 0.01-0.1 0.316 31.6 

E. coli   
EcTK DQ384607 0.01-0.1 0.316 31.6 

L. monocytogenes   
LmTK DQ384601 0.316 0.316 31.6 

LmdAK DQ384600 316 0.316 1 
Y. enterocolitica   

YeTK DQ178615 0.01-0.1 0.316 31.6 
C. perfringens   

CpTK DQ384598 10 0.316 1-31.6 
CpdAK DQ384599 316 0.316 0.001 

P. multocida   
PmTK DQ384602 0.0316 <0.01 1 

pGEX-2T  >100 0.316 31.6 
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Table 3. Kinetic data of purified recombinant dNKs based on two or more measurements 
are given as averages ± SD. Calculated molecular weight for BcTK with additionally two 
N-terminal amino acids is 21840 Da. Calculated Mw for SeTK-8His is 25751.9 Da. Mw 
for BcdAK with two extra N-terminal amino acids is 26234.8 Da and, for BcdGK 
24860.6 Da. 
Kinase Km [μM] Kis [μM] Vmax [mU/mg] kcat [s-1] kcat/Km [s-1M-1] 
SeTK      

Thd 34.0 ± 6.6  7478 ± 1184 3.21 9.41 × 104 

dUrd 128 ± 25  5532 ± 1388 2.37 1.85 × 104 
AZT 73.3 ± 13.3  754 ± 50 11311 ± 1855 4.85 6.62 × 104 

BcTK      
Thd 0.5 ± 0.1  1517 ± 253 0.55 1.08 × 106 

dUrd 9.0 ± 1.2  2911 ± 250 1.06 1.17 × 105 
AZT 4.4 ± 1.5 84.6 ± 40 3601 ± 162 1.31 2.96 × 105 

BcdAK      
dAdo 33.2 ± 2.7  2796 ± 457 1.22 3.68 × 104 

dCyd 27.0 ± 6.1  1248 ± 152 0.55 2.02 × 104 

Gemcitabine 33.5 ± 0.8  387 ± 7.9 0.17 5.05 × 103 

BcdGK      
dGuo 4.4 ± 0.9  2218 ± 58 0.91 2.09 × 105 
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Figure legends. 
 
Figure 1. Chemical structures of the nucleoside analogs employed in this study. AZT, 

Zidovudine, 3’-Azidothymidine; FdUrd, Floxuridine, 5-flouro-2’-deoxyuridine; dFdC, 

Gemzar, Gemcitabine, 2’,2’-difluro-2’-deoxycytidine; Ara-A, Vidarabine, D-arabinosyl 

adenine; F-Ara-A, Fludarabine, 9-beta-D-arabinofuranosyl-2-fluoroadenine; Ara-C, 

Cytarabine, D-arabinosyl cytosine; CdA, Cladribine, 2-chloro-deoxyadenosine. 

 

 

Figure 2. Neighbor-Joining trees of the dNKs employed in this study together with 

earlier characterized dNKs of both bacterial and eukaryote origin. A) phylogeny of TKs. 

Note that in general TKs from Gram-positive bacteria group together with the eukaryote 

TK1s (Sandrini et al., 2006). B) Phylogeny of the non-TK1-like kinases. Accession 

numbers are in parenthesis. dAK and dGK found in Gram-positives group together while 

eukaryote dCKs, dGKs and TK2s represent another sub-group. 

 

 

Figure 3. Susceptibility towards AZT of E. coli KY895 transformed with B. cereus and 

S. enterica dNKs. Only the cells transformed with BcTK or SeTK are susceptible to 

AZT. Cells transformed with BcTK were clearly affected in growth at 3.16 nM AZT and 

completely inhibited at 10 nM AZT. Cells transformed with SeTK were completely 

inhibited at 31.6 nM AZT. 

 

 



Chapter VI                                                                                     Paper V 

   
130 

Figure 4. Susceptibility towards gemcitabine of E. coli KY895 transformed with B. 

cereus and S. enterica dNKs. Only the cells transformed with BcdAK are susceptible to 

gemcitabine. The effect is visible already at 0.316 nM and the growth is completely 

inhibited at 1.00 nM gemcitabine. 

 

 

Figure 5. SDS-PAGE of purified recombinant dNKs. Lane 1, Benchmark molecular 

weight marker (Invitrogen). Lane 2, B. cereus dAK (BcdAK). Lane 3, B. cereus dGK 

(BcdGK). Lane 4, B. cereus TK (BcTK). Lane 5, S. enterica TK (SeTK).  

 

 

Figure 6. Kinetics of purified bacterial deoxyribonucleoside kinases. All measurements 

were done with 2.5 mM ATP as phosphate donor. A-C) SeTK with Thd, AZT and dUrd, 

respectively. D-F) BcTK with Thd, AZT and dUrd, respectively. G-I) BcdAK with dAdo, 

dCyd and gemcitabine, respectively. J) BcdGK with dGuo. In B) and E) the Eadie-

Hofstee plots show characteristic substrate inhibition of the TKs by AZT, therefore the 

kinetic parameters Km, Vmax and Kis were determined by non-linear regression by fitting 

the data to the equation for substrate inhibition. Inserts in B) and E) show the reaction 

velocities versus AZT concentration. All other shown reactions followed classical 

Michaelis-Menten kinetics. Generally, the BcTK had much lower Km for its substrates 

than SeTK. The measurements were done at least twice and a summary of the results can 

be found in Table 3. 
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FIGURES 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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C)      D) 
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G)      H) 
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I)      J) 

BcdAK with gemcitabine (dFdC)
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Abstract 
Common bacterial pathogens are becoming progressively more resistant to 

traditional antibiotics, representing a major public-health crisis. Therefore, there is 

a need for a variety of antibiotics with alternative modes of action. Several 

nucleoside analogs were tested against pathogenic staphylococci and streptococci. In 

our study we show that pyrimidine-based nucleoside analogs, like 3’-azido-3’-deoxy-

thymidine (AZT) and 2’,2’-difluoro-2’deoxycytidine (gemcitabine), are specifically 

activated by the endogenous bacterial deoxyribonucleoside kinases leading to the 

cell-death. Deoxyribonucleoside kinase deficient Escherichia coli strains become 

highly susceptible towards nucleoside analogs when they express recombinant 

kinases from Staphylococcus aureus or Streptococcus pyogenes. We further 

demonstrate that recombinant S. aureus deoxyadenosine kinase (dAK) efficiently 

phosphorylates the anti-cancer drug gemcitabine in vitro and is therefore the key 

enzyme in the activation pathway. When adult mice were infected intraperitoneally 

with a fatal dose of S. pyogenes strain AP1 and afterwards received gemcitabine, 

they failed to develop a systemic infection. Nucleoside analogs may therefore 

represent a promising alternative to combat pathogenic bacteria. 
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Introduction 

During the past years, antimicrobial resistance has been emerging as a major public-

health crisis (Wise, 2004). Common bacterial pathogens, Gram-negative and Gram-

positive are becoming progressively more resistant to almost all antibiotics in use today 

(Furuya and Lowy, 2006). Infections caused by antibiotic resistant bacteria were initially 

associated with the hospital environment but have recently spread into the community 

setting. The steady rise in resistance limits treatment options and increases morbidity and 

mortality among infected individuals.  

 

Staphylococcus aureus is one of the most adaptable human pathogens. It has a 

remarkable ability to acquire resistance mechanisms against various antibiotics. S. aureus 

virulence determinants together with antibiotic resistance contribute to its emergence as a 

leading pathogen in both nosocomial and community settings (Zetola et al., 2005; Lowy, 

2003). Antibiotic resistant strains are rapidly becoming the norm and the worldwide 

incidence of Methicillin resistant S. aureus (MRSA) is steadily increasing. Vancomycin 

is often the treatment of choice for infections with MRSA, however the first confirmed 

cases of vancomycin resistant S. aureus were separately identified in 2002 in the United 

States (Chang et al., 2003; Whitener et al., 2004). Among the Streptococci, Streptococcus 

pneumonie and Streptococcus pyogenes are the most significant pathogens. Colonization 

of the nasopharynx occurs for both organisms and they are found in community 

reservoirs such as childcare and school facilites. S. pneumonie has become progressively 

resistant to penicillin while S. pyogenes has remained susceptible. Both organisms exhibit 

clinically important resistance to macrolides, cephalosporins and tetracyclines (Furuya 
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and Lowy, 2006). Only a few classes of novel antibiotics have been introduced in the past 

forty years. There is therefore a need for antibiotics with new modes of action to combat 

the super-bugs (Brown, 2006).  

 

Nucleoside analogs mimic the building blocks of the genetic material. From the medical 

point of view they comprise a major group of chemotherapeutic anti-viral and anti-cancer 

pro-drugs. They serve as potent inhibitors of viral replication (Mitsuya et al., 1985) and 

are successful anti-proliferatives in the battle against various cancers (Plunkett et al., 

1995). The anti-retroviral nucleoside analog Retrovir (AZT, 3’-azido-3’-deoxy-

thymidine) is a pro-drug used in anti-HIV treatment. In its tri-phosphorylated form AZT 

inhibits HIV reverse transcriptase and blocks viral replication (Mitsuya et al., 1985). 

Gemcitabine (dFdC, 2’,2’-di-fluoro-2’deoxycytidine) is a very successful anti-cancer pro-

drug. This drug causes both inhibition of ribonucleotide reductase and termination of 

DNA synthesis (Plunkett et al., 1995).  In the cell, analogs of deoxyribonucleosides need 

to be activated by an endogenous deoxyribonucleoside kinase (dNK) to exert their effect. 

 

The dNKs are the key enzymes in the salvage of deoxyribonucleosides (dNs), as deoxy-

adenosine (dAdo), deoxy-cytidine (dCyd), deoxy-guanosine (dGuo) and thymidine (Thd). 

The first and committed step in the salvage of dNs is the phosphorylation of the dN by 

dNKs to the corresponding deoxyribonucleoside monophosphate (dNMP). The 

monophosphates are further phosphorylated in two steps to deoxyribonucleoside 

triphosphates (dNTPs), the terminal precursors for DNA synthesis (Eriksson et al., 2002). 

Humans have four different dNKs which phosphorylate the native dNs  with overlapping 

specificities (for review see (Arner and Eriksson, 1995; Eriksson et al., 2002). However, 
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the number of kinases and their substrate specificities vary in other eukaryotes (Piskur et 

al., 2004). Not much is known about the diversity and properties of prokaryotic dNKs 

and the few bacteria which have been characterized for their capacity to salvage dNs have 

either been model organisms, non-pathogenic bacteria or mollicutes (Black and Hruby, 

1991; Bockamp et al., 1991; McNab, 1996; Ives and Ikeda, 1998; Andersen and Neuhard, 

2001; Wang et al., 2001; Carnrot et al., 2003). So far, there is not even one single Gram-

positive bacterium which has a well characterized set of all its dNKs. 

 

Herein we show that pathogenic staphylococci and streptococci are sensitive towards 

pyrimidine based dN analogs. Gemcitabine, in particular, is efficiently activated in vitro 

and also in vivo by a specific bacterial deoxyadenosine kinase, dAK. Thereby, 

nucleosides analogs represent an efficient additional tool to combat staphylococcal and 

streptococcal infection. 
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Results 

Nucleoside analogs kill streptococci and staphylococci  

The present investigation was initiated with a susceptibility experiment to elucidate if 

streptococci and staphylococci are susceptible to commonly used anti-viral and anti-

cancer nucleoside analogs. Six clinical isolates and type strains representing 

staphylococci, streptococci and Escherichia coli were tested by spotting cell suspensions 

of the strains on Mueller-Hinton agar plates containing dilution series of the clinically 

important nucleoside analogs AZT, 5-fluoro-2’-deoxyuridine (FdUrd), 2-chloro-

deoxyadenosine (CdA), 9-beta-D-arabinofuranosyl-2-fluoroadenine (F-AraA), D-

arabinosyl adenine (AraA), D-arabinosyl cytosine (AraC), 5-ethyl-2'-deoxyuridine 

(EdUrd) or gemcitabine (dFdC). The susceptibility was reported as the minimal 

inhibitory concentration (MIC) of nucleoside analog that completely inhibited visible 

growth on the plates (table 1).  The arabinofuranosyl analogs, AraA, F-AraA, AraC, like 

EdUrd and CdA did not have any noticeable effect on the tested strains and AZT was 

only efficacious against E. coli. The MIC of AZT on E. coli was in the concentration 

range of 10 μM – 31.6 μM. The two fluorinated pyrimidine based nucleoside analogs, 

FdUrd and gemcitabine, were efficacious against streptococci and S. aureus. The FdUrd 

susceptibility varied from 0.1 μM to 10 μM in streptococci and from 0.00316 μM to 0.01 

μM in S. aureus. Gemcitabine did not have any notable effect on the tested E. coli control 

strain (ATCC 25922), even at 1000 μM. However, the streptococci and the S. aureus 

were highly susceptible and were killed by gemcitabine concentrations in the range 0.01 

μM - 0.1 μM and 0.1 μM - 1.0 μM, respectively. For comparison and confirmation of the 

streptococci results above, we also conducted a susceptibility test of S. pyogenes AP1 for 
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gemcitabine. The MIC of gemcitabine for S. pygenes AP1 was 0.1 μM (table 1). Thus, 

gemcitabine in particular showed promising antimicrobial efficacy against S. aureus and 

S. pyogenes.    

 

Growth is a prerequisite for the efficacy of gemcitabine. 

The effect of growth phase on susceptibility of both S. aureus and S. pyogenes was 

pronounced. Viable count assays of the two strains revealed that during the exponential 

growth phase the cells were highly susceptible to low gemcitabine concentrations (Figure 

1). Effective killing of exponentially growing S. aureus was observed already at 0.002 

μg/ml gemcitabine, whereas in S. pyogenes the same effective killing was seen at 0.2 

μg/ml gemcitabine. When the cells were in stationary growth phase however, the 

susceptibility was profoundly diminished (Figure 1). The killing curves clearly illustrate 

the efficacy of gemcitabine on these two potential pathogens and show that growth of the 

cells is a prerequisite for the optimal killing conditions.  

 

Three dNKs in S. aureus and two in S. pyogenes 

In humans, activation of gemcitabine by the endogenous deoxycytidine kinase (dCK) is 

required as the first step in the salvage pathway leading to the inhibitory gemcitabine di- 

and triphosphate (Plunkett et al., 1995). A database search for putative dNKs encoded by 

the S. aureus Mu50 and S. pyogenes M1 GAS genomes revealed three dNK encoding 

genes in S. aureus and two in S. pyogenes. Subsequently we cloned the five predicted 

dNK genes from genomic DNA of S. aureus CCM 885 and S. pyogenes AP1 into the 

pGEX-2T expression vector.  
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In both organisms, one of the encoded kinases was homologues to human TK1. The TKs 

of S. aureus and S. pyogenes were named SaTK and SpTK, respectively. Phylogenetic 

analysis revealed that the cloned SaTK was closer to the human TK1 whereas the SpTK 

was closer related to E. coli TK (Figure 2B). The remaining three proteins were 

homologous to Bacillus subtilis dAK and dGK. S. aureus and S. pyogenes both encoded a 

protein that was phylogenetically closer to B. subtilis dAK (Figure 2B) and for this 

reason they were named SadAK and SpdAK, respectively. The third kinase from S. 

aureus was phylogenetically closer to the B. subtilis dGK and consequently named 

SadGK (Figure 2B).   

 

E. coli is susceptible to gemcitabine when expressing dAKs.  

To determine whether any of the cloned kinases conferred the activation of either AZT or 

gemcitabine, the dNK deficient E. coli KY895 was transformed with the expression 

vector harboring one of the dNKs, SaTK, SpTK, SadAK, SpdAK or SadGK. 

Subsequently, we determined the MICs of AZT and gemcitabine on these E. coli strains 

(Figure 3). AZT was efficacious against SaTK and SpTK with MICs of 31.6 nM and 10 

nM respectively (Figure 3A). The other dNKs did not sensitize the E. coli towards AZT 

at the tested concentration interval (0-1000 nM AZT). Gemcitabine was efficacious 

against both SadAK and SpdAK with MICs of 1 nM and 31.6 nM, respectively. The 

results clearly show that the TKs are responsible for the activation of AZT, whereas in S. 

aureus and S. pyogenes the dAKs confer the activation of gemcitabine. 
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S. aureus dAK phosphorylates gemcitabine. 

To study the activation kinetics on the molecular level, we purified and characterized the 

recombinant SaTK, SadAK and SadGK proteins. SaTK efficiently phosphorylated Thd 

and AZT.  The Km for AZT was determined to be 11.6 μM and Vmax was 4.0 U/mg (table 

2). However, SaTK showed pronounced substrate inhibition with declining reaction 

velocities at AZT concentrations above 100 μM and Kis was determined to be 944 μM 

(Figure 4). Likewise, substrate inhibition also complicated the determination of Km and 

Vmax for Thd and caused great variability within reaction velocities at Thd concentrations 

greater than 8 μM. The Km of 2.8 μM for Thd was determined by combining the results 

from three experiments and fitting the data to the mathematical model for substrate 

inhibition. 

SadAK phosphorylated dAdo and dCyd almost equally well. The Km for dAdo and dCyd 

was 29.2 μM and 34.4 μM, respectively, and the kcat/Km was 6.2 × 104 s-1 M-1 and 1.6 × 

104 s-1 M-1, respectively. As expected from the recombinant E. coli susceptibility 

experiments, SadAK could also phosphorylate gemcitabine, albeit it was 16 times less 

efficient for gemcitabine (kcat/Km = 9.8 × 102 s-1 M-1) than for dCyd. The Km for 

gemcitabine was 192 μM. The SadGK was extremely specific and we could only measure 

significant phosphorylation of dGuo. The Km and the catalytic efficiency constant 

(kcat/Km) for dGuo were 1.1 μM and 5.2 × 105 s-1 M-1, respectively. These measurements 

clearly show that gemcitabine is phosphorylated by the dAK.  
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Gemcitabine protects against S. pyogenes infections in mice. 

A mouse model of S. pyogenes AP1 infection was developed to investigate the potential 

in vivo anti-bacterial efficacy of gemcitabine. S. pyogenes is a human specific pathogen 

and large doses of bacteria are required to mimic human infection in mice. Two groups of 

six mice received a large intraperitoneal dose of exponentially growing S. pyogenes AP1. 

After six hours, one group was treated with 100 μg gemcitabine whereas the control 

group received only PBS buffer. After eighteen hours the spleens from the animals were 

harvested and the bacterial load was determined. In all of the animals that received PBS, 

significant bacterial dissemination had occurred. These animals had bacterial loads 

ranging from 2 × 103 to 3 × 106 CFU/ml (colony forming unit) in the spleen, confirming 

the systemic spread of S. pyogenes during infection (Figure 5). Profoundly contrasting 

results were seen for the gemcitabine treated animals. Bacterial dissemination failed to 

occur in the gemcitabine treated animals and none of these animals had any S. pyogenes 

in the spleen. 

To further investigate the efficacy of gemcitabine during bacterial infection in vivo a 

similar animal model was performed with an even higher dose of bacteria. Two groups of 

six animals received an intraperitoneal injection of a fatal dose of S. pygenes AP1. Six 

hours later the control group was treated with PBS and the test group received 100 μg 

gemcitabine. Within 30 hours of initial infection all six mice in the control group had 

died (Figure 6). In contrast, five days after infection 83% (5/6) of the mice treated with 

gemcitabine were still alive and healthy. The results clearly show that gemcitabine can 

prevent bacterial dissemination and death caused by S. pyogenes infection. 
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Discussion 

Pathogenic bacteria are rapidly acquiring resistance to almost all antibiotics employed 

today. As a result, bacterial infections remain a significant problem in hospital and 

community environments. Particularly worrisome is the situation for Gram-positive 

bacteria, such as staphylococci and streptococci (Wise, 2004; Rice, 2006). Although the 

scientific community has been engaged in the discovery of new antibiotics, there has only 

been a limited success since the early 1960s (Wise, 2004; Brown, 2006). In this study we 

have examined nucleoside analogs, used in the treatment of various cancers and viral 

infections, for their bactericidal potential against staphylococci and streptococci. 

 

Nucleoside analogs mimic the building blocks of the genetic material and can impair the 

metabolism and structure of nucleic acids. In order to be effective they must firstly be 

successfully transported into the cell and upon activation interact with a target. Eight 

different nucleoside analogs were tested for bactericidal activity against an E. coli control 

strain and six Gram-positive clinical isolates. The cytidine analog, gemcitabine, killed all 

six Gram-positive isolates at very low concentrations, while the other seven analogs 

required higher concentrations or were not successful at all (Table 1). 

Two clinically important Gram-positive pathogens were then tested in a more detailed 

experiment for their growth in the presence of gemcitabine (Figure 1). Our results clearly 

show that gemcitabine is very effective at killing S. aureus and S. pyogenes, at 

concentrations lower than 0.002 μg/ml or 0.2 μg/ml, respectively.  
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Gemcitabine is expected to be first activated in the cell and then act on its targets. We 

therefore analyzed the two bacteria for their potential to activate gemcitabine through 

phosphorylation. The two sequenced genomes were analyzed for putative dNK encoding 

genes and three positive hits were obtained in S. aureus and two in S. pyogenes. 

Alignment and phylogenetic analysis (Figure 2) of the encoded proteins revealed that in 

addition to a TK, S. aureus and S. pyogenes also contain an enzyme that is closely related 

to B. subtilis dAK. The difference in the dNK encoding potential between S. aureus and 

S. pyogenes is that in S. aureus, a third dNK, closely related to B. subtilis dGK, is also 

found. These enzymes may however vary a lot in their substrate specificity, therefore the 

five genes were sub-cloned and tested in E. coli for their ability to activate nucleoside 

analogs in vivo (Figure 3). When the SaTK and SpTK encoding genes were expressed in 

a kinase deficient strain the susceptibility of the host towards AZT increased 

dramatically. AZT is however, known to have a much reduced antimicrobial efficacy 

against Gram-positive bacteria (Table 1, Elwell et al., 1987). On the contrary, when the 

SadAK encoding gene was expressed in the kinase deficient E. coli, the susceptibility of 

the host towards gemcitabine increased tremendously. Relatively low concentrations of 

gemcitabine (approximately 1 nM) could kill the host bacterium. Also the SpdAK 

encoding gene increased the susceptibility and the host was killed at 31.6 nM 

gemcitabine. These experiments suggest that dAK is the key enzyme in the activation of 

gemcitabine. 

 

To elucidate the activation kinetics and demonstrate on a molecular level that dAK 

activates gemcitabine, the three kinases from S. aureus were expressed as recombinant 
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proteins and studied for their substrate specificity and kinetic parameters. SaTK 

phosphorylated Thd and AZT as was expected on the basis of the in vivo E. coli 

experiments. The phosphorylation of both Thd and AZT was prone to substrate inhibition 

(Figure 4) at high substrate concentrations (Kis,Thd = 257 μM and Kis,AZT = 944 μM) and 

the Km for Thd and AZT was 2.8 μM and 11.6 μM, respectively. An earlier study on AZT 

activation by E. coli TK has reported a Km of 21 μM for AZT (Elwell et al., 1987) and 

recently kinetic parameters more similar to those reported here for SaTK were reported 

for Ureaplasma parvum TK, which also showed substrate inhibition for both Thd and 

AZT (Carnrot et al., 2003). 

  

The recombinant SadAK phosphorylated both dAdo and dCyd equivalently (Table 2). In 

addition, SadAK had a clear potential to effectively phosphorylate gemcitabine into its 

mono phosphate, with a kcat/Km of approximately 103 s-1M-1 (Table 2, Figure 4), thus 

representing a reasonably efficient kinase enzyme – substrate pair (Munch-Petersen and 

Piskur, 2006). The recombinant SadGK had practically the same specificity as 

recombinant B. subtilis dGK. Both enzymes have incredibly narrow substrate specificity 

and only the phosphorylation of dGuo is measurable. The efficiency of SadGK and B. 

subtilis dGK is 5.17 × 105 s-1M-1 and 2.4 × 105 s-1M-1 (Andersen and Neuhard, 2001), 

respectively. The close resemblance of kinetic values and narrow substrate specificity for 

the SadGK and B. subtilis dGK is in compliance with their close phylogenetic 

relationship (Figure 2). The results of our kinetic studies, in combination with the 

recombinant E. coli susceptibility data, confirm that the activation dependent killing of S. 

aureus and S. pyogenes by gemcitabine is attributable to the dAK enzyme.  
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The question remains as to whether nucleosides could indeed be used as antibiotics? 

To address this question we used a murine model S. pyogenes infection. It is important to 

point out that S. pyogenes is a human specific pathogen and large doses of bacteria are 

required to mimic infection in murine models. S. pyogenes strain AP1 is a particularly 

virulent strain, and is the leading cause of invasive and severe S. pyogenes infection 

(Stevens, 2001). Administration of the S. pyogenes AP1 strain into the mouse peritoneum 

has previously been shown to result in bacterial spread from the site of inoculation 

(Bjorck et al., 1989). This develops into a systemic infection with bacteraemia/sepsis, 

which can be fatal.  In our first infection model we used a non fatal dose of S. pyogenes 

in order to compare the survival and spread of the bacteria from the site of infection. 

Bacterial spread is compared between two groups by harvesting the spleen of the animals 

post mortem and determining the bacterial load. The animals which received gemcitabine 

after the bacterial infection had no bacteria present in the spleen (Figure 5). This indicates 

that a systemic infection failed to develop in these animals. Since the PBS treated animals 

had significant bacterial load in the spleen, we can conclude that gemcitabine protected 

the treated animals from bacterial spread and systemic infection. In the second model we 

used a higher dose of bacteria, which in pilot experiments resulted in 100% mortality in 

infected animals. Figure 6 clearly shows that treatment with gemcitabine six hours after 

bacterial infection significantly improved survival rates within the group. Only one 

animal died in the group which received gemcitabine (Figure 6), whereas all six animals 

in the un-treated group died from the infection. Five of the six treated animals survived 

and completely recovered from infection with no adverse effects. Gemcitabine is 

therefore shown to be a potent antibacterial agent in vivo against S. pyogenes. It is likely 
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that gemcitabine would be equally effective against S. aureus and other dAK encoding 

bacteria.  

 

We have demonstrated in this study that the nucleoside analog, like gemcitabine is 

specifically activated by the Gram-positive dAK enzyme and is responsible for the 

bactericidal effects in the mouse S. pyogenes infection model. Gemcitabine and other 

nucleoside analogs have a clear antimicrobial potential. 

 

Methods 

Strains 

Clinical isolates and type strains were from the collection of the Danish Institute for Food 

and Veterinary Research (DVI) and are listed in table 1. Streptococcus pyogenes AP1 is 

the 40/58 S. pyogenes strain from the WHO Collaborating Centre for references and 

research on streptococci, Institute of Hygiene and Epidemiology, Prague, Czech 

Republic. The S. aureus strain used for the viable counts susceptibility assay was from 

American Type Culture Colletion (ATCC) 29213. For heterologues expression E. coli 

BL21 was used and for susceptibility testing of heterogeneous dNKs in E. coli we used 

the dNK deficient KY895 (F ¯, tdk-1, ilv) strain (Igarashi et al., 1967). 

 

MIC determination. 

Gemcitabine was from Thykn (India) International (Mumbay, India). The remaining 

nucleoside analogs used in the susceptibility tests were from Sigma.  
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Bacterial isolates were grown over night on Columbia blood agar plates from SSI 

Diagnostika (Hilleroed, Denmark), harvested from the plates and diluted to McFarland 

0.5 in 0.9% NaCl, diluted additionally 10 times and spotted on Mueller-Hinton Agar 

(Oxoid) containing varying nucleoside analog concentrations. Plates were incubated for 

20 hours at 37ºC and the minimum inhibitory concentration (MIC) was determined by 

visually inspecting the plates for growth. MIC is defined as the lowest concentration of 

nucleoside analog which completely inhibits the growth of bacteria. 

 

Viable counts susceptibility assay. 

S. aureus ATCC 29213 or S. pyogenes AP1 were grown overnight in Todd Hewitt broth 

in the presence of 5% CO2 at 37 °C. This represents cells in the stationary phase of 

growth. An aliquot of these cells was added to fresh media and grown up to the 

exponential phase of growth (OD620 = 0.4). The cells were pelleted, washed twice and 

diluted 1000 fold in wash buffer supplemented with 10% Todd Hewitt broth. 10 μl of 

bacterial cells was incubated with 40 μl wash buffer containing gemcitabine (0 - 200 

μg/ml) for 3 hours at 37 °C, 5% CO2. The incubation was stopped by addition of 450 μl 

ice cold wash buffer and duplicate samples were plated onto Todd Hewitt agar plates for 

viable count determination. 

 

Cloning of dNKs 

Genomic DNA from S. aureus was isolated using the Easy-DNA Isolation Kit 

(Invitrogen) according to the manufactures instructions. The genomic DNA from S. 
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pyogenes AP1 was isolated using a Fast Prep FP120 (Bio 101, Savant) according to the 

manufactures instructions. 

Putative dNKs from S. aureus and S. pyogenes were identified using the Basic Local 

Sequence Alignment Tool (BLAST) (Altschul et al., 1990). We searched the S. aureus 

Mu50 and S. pyogenes M1 GAS genomes using the human TK1, E. coli TK and B. 

subtilis dAK and dGK as query. Open reading frames (ORFs) of the identified putative 

kinases were amplified from the genomic DNA by PCR using specific primers (DNA-

Technology, Denmark) with overhangs for cloning into the pGEX-2T vector (GE 

Healthcare). The S. pyogenes TK start codon was TTG in the GenBank sequence, but we 

changed it to ATG to maintain the methionine in this position. All ORFs were inserted in 

the BamHI/EcoRI sites of the pGEX-2T vector, except for the SaTK which was inserted 

into the BamHI site. All clonings were verified by sequencing using a commercial service 

(MWG-Biotech, Germany). The pGEX-2T vector produces an N-terminal GST-fusion. 

Nucleotide sequences were deposited in Genbank with the following accession numbers: 

SaTK, DQ384605; SadAK, DQ384604; SadGK, DQ384606; SpTK, EF061224; SpdAK; 

EF061223. 

 

Phylogenetic analysis 

Multiple alignments of the amino acid sequences were done in ClustalX v. 1.81 using the 

default settings (Thompson et al., 1997). Subsequently the phylogeny was reconstructed 

with TreeCon v. 1.3b (Van de Peer and De Wachter, 1994) by the neighbor-joining 

method and using H. simplex TK as outgroup.  
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Susceptibility of E. coli harboring heterogeneous kinases 

Over night cultures of KY895 freshly transformed with pGEX-2T vector constructs 

described earlier were diluted 200 times in 10% glycerol and spotted sequentially on M9 

plates (Knecht et al., 2000) supplemented with 100 μg/ml ampicillin, 0.2% glucose, 5 

mg/L thiamine, 1 g/L casamino acids and varying nucleoside analog concentration. 

Susceptibility was visually determined and MIC was noted as the concentration where 

growth was no longer visible 

 

Expression and purification of dNKs.  

All cultivations were in LB media containing 100 μg/ml Ampicillin. Over night cultures 

of E. coli BL21 transformed with SaTK, SadAK or SadGK in the pGEX-2T vector was 

used to start the expression cultures. Cultures were grown at 37ºC to OD600 ~ 0.6 and 

induced with IPTG to a final concentration of 100 μM. Upon induction, the temperature 

was immediately lowered to 25ºC and induction was maintained for 6 hours before 

harvesting the cells by centrifugation. The pellet was lysed in 25 column volumes 1×PBS 

(140 mM NaCl2, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3), 5 mM 

EDTA, 5 mM DTT, 150 μg/ml lysozyme, 10% glycerol, 0.1% Triton X-100, 0.1 mM 

PMSF, 5 mM benzamidine, 50 mM aminocaproic acid. Filtered cell homogenate was 

applied to a glutathione-Sepharose column pre-equilibrated with Buffer A (1×PBS, 1 mM 

DTT, 10% glycerol, 0.1% Triton X-100, 0.1 mM PMSF, 5 mM Benzamidine, 50 mM 

aminocaproic acid). Unbound material was removed by washing with 50 column volumes 

of Buffer A. Strongly bound contaminating proteins were removed by recirculating for 16 

h at room temperature with two column volumes of Buffer A containing 10 mM ATP and 
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10 mM MgCl2. The column matrix was then equilibrated with 10 column volumes of 

PBS. The expressed protein was cleaved from glutathione S-transferase by recirculation 

for 16 h at room temperature with 2 column volumes of PBS containing 500 units of 

thrombin and 0.1% Triton X-100. The eluate was collected and the matrix was washed 

with 2×2 column volumes of PBS containing 0.1% Triton X-100. Finally, the remaining 

glutathione S-transferase and uncleaved fusion protein were eluted with 3 column 

volumes of 50 mM Tris/HCl (pH 7.5) containing 10 mM reduced glutathione. Enzyme-

containing fractions were stored at -80 °C, in the presence of 10% glycerol, 5 mM 

MgCl2, and 5 mM dithiothreitol. The purification was verified by denaturing SDS-PAGE 

(Laemmli, 1970) and the protein concentration was determined by Bradford using a BSA 

standard (Bradford, 1976). 

 

Kinetic measurements.  

Deoxyribonucleoside kinase activities were determined by initial velocity measurements 

based on four time samples by the DE-81 (Whatman inc.) filter paper assay using varying 

tritium-labeled deoxyribonucleoside substrate concentrations (Munch-Petersen et al., 

1991). All radiolabeled substrates were from Moravek Biochemicals Inc. except 

thymidine which was from GE Healthcare. The standard assay conditions were: 50 mM 

TRIS/HCl pH 8.0, 10 mM DTT, 2.5 mM ATP, 2.5 mM MgCl2. 3 mg/ml BSA, 0.5 mM 

CHAPS. 

One unit (U) of deoxyribonucleoside kinase activity is defined as 1 µmol of the 

corresponding monophosphate product formed/min. 
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Analysis of kinetic data. 

Kinetic data were evaluated by nonlinear regression analysis using the Michaelis-Menten 

equation v = Vmax × [S]/(Km + [S]) or when ever substrate inhibition was evident 

nonlinear regression was applied using the equation for substrate inhibition v = (Vmax × 

[S])/(Km+[S]+([S]2/Kis)). 

 

Infection models. 

Adult female Balb/c mice weighing approximately 20 g were housed under standard 

conditions of light and temperature, and fed standard laboratory chow and water ad 

libitum. The local ethical committee approved all procedures. Streptococcus pyogenes 

strain AP1 was grown in Todd Hewitt broth at 37°C in the presence of 5% CO2. Cells 

were harvested at the mid exponential phase of growth (OD620 = 0.5). The cells were 

washed once and resuspended to approximately 1 × 107/ml in PBS. The number of 

bacteria given to each animal was verified per experiment by colony counts on blood 

agar. The animals received an intraperitoneal injection of 2.5 × 106 cfu per animal. Six 

hours later one group received an intraperitoneal injection of 100 μl PBS and the other 

group received 100 μg gemcitabine. Twenty-four hours after the initial injection of 

bacteria, all of the animals were sacrificed and the spleens were harvested on ice. The 

spleens were homogenized and a viable count was performed to enumerate bacterial 

spread. 

A model of fatal bacterial infection was carried out in the same way but at a higher 

bacterial dose, 1 × 107 cfu per animal, was used. Survival of the animals was monitored 

at regular intervals. These animals still alive after 5 days were sacrificed according to 

ethical requirements. 
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Table 1. Susceptibility of bacterial isolates and type strains towards nucleoside analogs. 

MICs are given in μM and were determined at least twice. The MIC is given as the range 

measured in these two experiments. Gemcitabine, dFdC, was highly active against all 

Gram positive strains, but not against the Gram negative control strain,  E. coli. FdUrd 

also had some activity on some strains. Other tested analogs, AZT, AraA, F-araA, AraC, 

EdUrd and CdA, did not have any notable effect. n.d. stands for “not determined”. 

 
Organism Strain 

ID 
AZT FdUrd dFdC AraA F-AraA AraC EdUrd CdA 

Escherichia 
coli 

ATCC 
25922 

10-31.6 1-3.16 >1000 >316 >100 >1000 >316 >100

Streptococcus 
sp. Unknown 

07941
-1 

316 0.1 0.01-
0.0316 

>316 >100 >1000 >316 100 

Streptococcus 
sp. Unknown 

07706
-1 

>316 0.316 0.0316 31.6 >100 >1000 >316 100 

Streptococcus 
sp. Unknown 

07686
-2 

>316 10 0.1 >316 >100 >1000 >316 100 

Staphylococcus 
aureus 

ATCC 
29213 

>316 0.01 0.1  >316 >100 >1000 >316 >100

Staphylococcus 
aureus 

CCM 
885 

>316 0.00316 0.1 – 
1.0 

>316 >100 >1000 >316 >100

Streptococcus 
pyogenes 

AP1 n.d. n.d. 0.1 n.d. n.d. n.d. n.d. n.d. 
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Table 2. Kinetic parameters for purified SaTK, SadAK and SadGK. SaTK was prone to 

substrate inhibition by Thd and AZT. The Kis is given in that case. Theoretical molecular 

weights used for the calculations were 22.4 kDa, 26.4 kDa and 24.3 kDa for SaTK, 

SadAK and SadGK, respectively. SadAK could efficiently phosphorylate gemcitabine 

(dFdC). Values are the results of minimum two measurements, except for AZT, which 

was measured only once. Averages are given ± SD. 

 Km [μM] Vmax [U/mg] kcat [s-1] kcat/Km [s-1 M-1] 
SaTK     

Thd 2.8 (Kis 257) 1.2 0.44 1.60 × 105 
AZT 11.6 (Kis 944) 4.0 1.48 1.29 × 105 

SadAK     
dAdo 29.2 ± 3.6 4.1 ± 1.9 1.82 6.22 × 104 

dCyd 34.4 ± 13.2 1.3 ± 0.7 0.56 1.62 × 104 

dFdC 192 ± 18 0.43 ± 0.04 0.19 9.81 × 102 

SadGK     
dGuo 1.1 ± 0.5 1.4 ± 0.3 0.57 5.17 × 105 
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Figure legends 
 
Figure 1. Gemcitabine is an efficient antibacterial compound. A viable count anti-

bacterial assay was performed agains S. aureus ATCC29213 (A) and S. pyogenes AP1 

(B) in the stationary (open symbols) or exponential (closed symbols) phase of growth. 

Gemcitabine effectively kills both bacteria when they are in the exponential phase of 

growth. 

 
Figure 2. Phylogeny of the cloned dNKs. Three and two putative dNK genes were found 

in the S. aureus and S. pyogenes genomes, respectively. The encoded amino acid 

sequences were analyzed for their phylogenetic relationship with other dNKs. The two 

subsets in the figure show A) the phylogenetic relationship of TKs and B) the 

phylogenetic relationship of non-TKs. Both trees were reconstructed by the neighbor 

joining method. The GenBank accession numbers are in brackets and bootstrap values 

from 100 replications are given at the nodes. Apparently, S. aureus contains a Gram-

positive -like TK and two bacterial-like dAK and dGK kinases whereas S. pyogenes 

contains a Gram-negative - like TK and one bacterial like dAK.  

 
Figure 3. Susceptibility towards AZT and gemcitabine of E.coli KY895 transformed 

with S. pyogenes and S. aureus dNKs. A) When transformed with SaTK and SpTK, 

KY895 shows impaired growth at 3.16 μM AZT and complete inhibition at 10.0 μM. 

AZT had no visible effect on the cells transformed with SadAK, SadGK or SpdAK. B) 

When transformed with SadAK, KY895 shows impaired growth at 0.316 nM 

gemcitabine and complete inhibition at 1.0 nM. When transformed with SpdAK the cells 



Chapter VII                                                                                     Paper VI 

   
166 

could not grow at 31.6 nM gemcitabine. When transformed with SpTK, SaTK and 

SadGK no visible inhibition was observed. 

 
Figure 4. Kinetics of S. aureus recombinant dNKs. Showing the concentration dependent 

reaction velocities for A) SaTK with AZT and B) gemcitabine. AZT confers 

characteristic substrate inhibition resulting in declining reaction velocities at 

concentrations above 100 μM AZT. In comparison, SadAK showed normal Michaelis-

Menten kinetics with gemcitabine as substrate. The figure clearly illustrates that dAK 

phosphorylates gemcitabine. 

 
Figure 5. Bacterial spread to the spleen after intraperitoneal infection with S. pyogenes. 

Gemcitabine protects animals from bacterial dissemination during systemic infection. 

Balb/c female mice were subjected to a systemic infection with S. pyogenes AP1. Six 

hours after initiation of infection the animals were treated with either gemcitabine or PBS 

(control) and 24 hours after initiation of infection the bacterial load in the spleen was 

determined for each animal. Each dot represents the cfu/ml for an individual animal. 

 

Figure 6. Kaplan-Meier survival curve for Balb/c mice after intraperitoneal infection 

with S. pyogenes AP1. Balb/c female mice were subjected to a systemic infection with S. 

pyogenes AP1. Six hours after initiation of infection the animals were treated with either 

gemcitabine or PBS (control) and the survival within the group was followed. 100% (6/6) 

of animals in the untreated group died of Streptococcal infection within 30 hours of 

infection. Only 17% (1/6) of animals treated with gemcitabine died as a result of 

streptococcal infection. 
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Figure 1 
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Figure 2 
 

 

 
A) 

Herpes simplex TK (P03176)

Homo sapiens TK1 (XP_037195)
Streptococcus pyogenes TK (EF061224) 

Ureaplasma parvum TK (Q9PPP5)

Staphylococcus aureus TK (DQ384605)
Bacillus subtilis TK (NP_391587)

Yersinia enterocolitica TK (DQ178615)
Escherichia coli TK (NP_415754)

100

95

99

91
99

100

 
 
 
B) 

Herpes simplex TK (P03176)

Streptococcus pyogenes dAK (EF061223)

Staphylococcus aureus dAK (ABD37698)

Bacillus subtilis dAK (S66044)

Staphylococcus aureus dGK (ABD37700)

Bacillus subtilis  dGK (S66045)

Homo sapiens dGK (CAA66054)

Homo sapiens dCK (XP_003471)
Homo sapiens TK2 (NP_004605)

Drosophila melanogaster dNK (CAB41881)

100

80

97

74
100

100

99

99

 
 
 
 



Chapter VII  Paper VI                                    

________________________________________________________________________ 
  169 

Figure 3 
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Figure 4 
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Figure 5 
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Concluding remarks 
 

The dNTPs for DNA synthesis are provided by either the de novo or the salvage 

pathways. The first and often rate limiting step of the salvage pathway is the 

phosphorylation of dNs, catalyzed by dNKs. Various organisms have different numbers 

of dNKs with different substrate specificity. Throughout this thesis we have tried to 

elucidate the diversity of these enzymes in microorganisms and to find applications for 

their diverse substrate specificities and distribution. 

 

Phylogeny and diversity of dNKs 

Deoxyribonucleoside kinases belong to two structurally distinct super-families, the TK1-

like and the non-TK1-like (Sandrini and Piskur, 2005, Chapter 3). The non-TK1-like 

family include dNKs of the dCK/dGK/TK2 type and the bacterial dAK and dGK type. 

We have investigated the diversity of dNKs in microorganisms and shown that different 

dNKs can be found in Gram-negative and Gram-positive bacteria (Chapter 6). 

 

Gram-negative bacteria of the gamma-proteobacteria subdivision only encode TK1-like 

enzymes whereas enzymes of the TK1-like and the non-TK1-like type are found in 

Gram-positive bacteria. The TK of the Gram-positive bacteria is closely related to the 

mammalian TK1 enzymes whereas the TKs from Gram-negative bacteria comprise a 

separate group of TKs. We show that among the TKs from Gram-negative bacteria also 

TKs from a few individual Gram-positive bacteria can be found. These TKs most likely 

originated from horizontal transfer from Gram-negative bacteria. Earlier, horizontal 

transfer of TK has been suggested to have occurred from bacteria to the eukaryote 

parasite Cryptosporidium parvum (Striepen et al., 2004) but the examples described here 

are the first reported horizontal transfer of TKs between bacterial species (Sandrini et al., 

2006, Chapter 4). 

 

The structure of TKs from both vertebrates and Gram-positive bacteria have been solved 

(Welin et al., 2004), Appendix A1) and now just the TKs from Gram-negative bacteria 

remain unsolved. We would like in the future to focus on the crystal structure of TKs 
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from Gram-negative bacteria like S. enterica. In addition, from the evolutionary point of 

view it could be interesting to see whether the rigid structure of TKs could be modified to 

accommodate other natural substrates than dThd and dUrd.  

 

In the Gram-positive bacteria we found, in addition to the TKs, one to two non-TK1-like 

kinases and we showed that they comprise a group of their own, closely related to the 

mammalian dCK/dGK/TK2 kinases (Chapters 5, 6 and 7). Interestingly, we showed that 

the early branching eukaryote G. lamblia and the social amoeba D. discoideum have 

dNKs, which resemble the bacterial non-TK1-like kinases more than they resemble the 

plant and animal dNKs (Chapter 5). The finding of the bacterial-like dAK and dGK 

kinases in these two organisms helps to understand the dNK evolution. Initially, when we 

discovered the D. discoideum dAK and dGK, we were convinced that the genes 

originated from a horizontal gene transfer from bacteria with a subsequent loss of the 

“original” eukaryotic non-TK1-like dNK. D. discoideum feeds on bacteria and it could 

have “adopted” the two genes from its food source and since the two genes are either 

overlapping or located close to each other on the bacterial chromosomes it seemed 

plausible (Ives and Ikeda, 1998; Andersen and Neuhard, 2001). However, the 

identification of two very similar genes in G. lamblia favors the preservation of the 

ancient genetic material in some eukaryotic lineages and lineage specific gene loss in 

other eukaryotes rather than horizontal transfer event. Future investigations of the 

eukaryotic dNK diversity should concern the close relatives of D. discoideum and G. 

lamblia and organisms from the lineages branching between D. discoideum and G. 

lamblia. Several of these organisms are, like G. lamblia, human pathogens and the dNK 

situation in these organisms is therefore interesting also from a medical perspective. 

 

In extracts of D. discoideum we could measure phosphorylation of the four dNs, dThd, 

dAdo, dGuo and dCyd. However, the three characterized recombinant dNKs did not have 

any measurable dCyd activity. The dCyd activity is probably an extra activity of another 

enzyme, perhaps a cytidine kinase that also accepts dCyd. To determine the origin of this 

activity, the native activities would have to be purified and the corresponding enzyme(s) 

partially sequenced. The substrate specificities of the DddAK and DddGK enzymes of D. 
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discoideum have turned out to be quite interesting. The DddAK and DddGK enzymes are 

very specific towards dAdo and dGuo, respectively, and structural determinations of the 

two individual structures could be interesting and provide valuable structure-function 

knowledge for further development of dNKs for suicide-gene therapy.  

 

Targeting pathogenic bacteria with nucleoside analogs.  

The human dNKs have been studied in great detail because of their central role in the 

activation of nucleoside analogs in anti-viral and anti-cancer chemotherapeutic treatment 

(Munch-Petersen and Piskur, 2006), but so far still little is known about the bacterial 

dNKs. Apparently, the bacterial dNKs represent a world of its own and play an important 

role in the metabolism of bacterial nucleic acids precursors. However, multi-resistant 

pathogenic bacteria are becoming a severe threat to our health and new classes of 

antibiotics needs to be invented or already existing drugs reconsidered. The metabolism 

of nucleic acids precursors has been a focus of our “reconsideration” attempts. 

  

Here we have shown the species specific use of nucleoside analogs as antibiotics against 

pathogenic bacterial isolates and we have demonstrated that the anticancer nucleoside 

analog gemcitabine protects mice against bacterial dissemination during infection with S. 

pyogenes (Chapter 7). We found that in general Gram-positive bacteria were susceptible 

to gemcitabine in low concentrations and we identified the enzymes responsible for the 

activation of gemcitabine in Gram-positive bacteria as being the dAK enzymes (Chapters 

6 and 7). In addition, we also demonstrated that the susceptibility of Gram-negative 

bacteria towards AZT is due to the endogeneously encoded TKs. The recombinant TKs 

of Gram-positive bacteria also phosphorylated AZT which is opposing to earlier 

suggestions that the incapability of killing Gram-positive bacteria with AZT was owing 

to the inefficient phosphorylation by TK (Lewin, Allen, and Amyes, 1990). However, 

AZT remains ineffective against Gram-positive bacteria but efficacious against Gram-

negative enterobacteriaceae.  

 

If a nucleoside analog, as gemcitabine, were to be used for treatment of bacterial 

infections, it would have to be considered a last resort treatment because of the toxicity 
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that the drug imposes on the human cells. Some of the main side effects of anticancer 

treatment with gemcitabine are myelosuppression, leukopenia and neutropenia sometimes 

putting the patient at higher risk of bacterial infection (Toschi et al., 2005). However, 

anticancer treatment is usually in cycles with 7 day breaks in between whereas treatment 

against bacterial infection would probably demand a shorter schedule as the growth of 

bacteria is much faster than for human cancer cells and perhaps the administered dose 

could ideally be lower. Therefore, to investigate these matters, clinical trials are a 

necessity. However, it is important to note that in our experiments only a low dosage of 

gemcitabine was used. 

 

In B. subtilis, mutant strains deficient of dAK activity have been made in the laboratory 

and shown to be unaffected regarding the viability and growth (Mollgaard, 1980). At 

least in the laboratory the dak gene seems non-essential. However, we do not know 

anything about the role of these genes during the infection process and it would be 

advisable to investigate the virulence of a dAK deficient S. pyogenes, for instance in 

mice. Likewise, also the rate at which resistance towards gemcitabine in Gram-positive 

bacteria occurs should be examined. In short, through the uneven distribution of dNKs in 

microorganisms, nucleoside analogs have a potential to be used as species specific 

antibiotics. 
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