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Chapte rr  Seven : 

EnhancedEnhanced levels of deoxycytidine kinase and thymidine kinase 1 and 2 
afterafter pulsed low dose rate irradiation as an adaptive response to 
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EnhancedEnhanced levels of dCK and TK after p-LDR irradiation 

Abstract t 

Afterr pulsed low dose rate irradiation the activities of deoxycytidine kinase and thymidine 

kinasee 1 and 2 were increased 1.5-2-fold 6 hours after treatment. Twenty-four hours after 

treatmentt the activities of these enzymes had returned to control levels. We presume that the 

increasee of enzyme activities is part of an adaptive response to irradiation and that this 

increasee could be an explanation for the increased survival in the initial part of the SW-1573 

celll  survival curve. The observation that not only S-phase specific thymidine kinase 1 but also 

mitochondriall  thymidine kinase 2 increases, implies that both these enzymes play a role in an 

adaptivee response of cells to irradiation. 
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ChapterChapter 7 

Introductio n n 

Ass nucleotides are required for DNA synthesis, nucleotide metabolism should play a role in 

thee cellular response to radiation. 

Al-Nabulsii  et al. (1994) observed that rat glioma cells which lack thymidine kinase 

expressionn are more radiosensitive than wild type-cells. After introduction of herpes simplex 

thymidinee kinase in the mutant cell line, radioresistant̂ was partially restored. The relative 

radiosensitivityy of mutant cells was found to correlate with their inability to repair sublethal 

damage. . 

Inn another study, McKenna et al. (1988) using Friend mouse erythroleukemia cells which 

weree thymidine kinase deficient showed increased sensitivity to cell killing and the induction 

off  cytogenetic aberrations in the deficient cells after y irradiation. These findings strongly 

implicatee thymidine kinase as a major radioresponse determinant. 

Boothmann et al. (1994) showed that thymidine kinase transcripts and thymidine kinase 

activitiess were elevated after irradiation. Expression of thymidine kinase mRNA after 

irradiationn was transient and exhibited bell-shaped kinetics. The highest level of mRNA was 

obtainedd after 5 Gy single doses. Peak values in mRNA were observed 1 to 5 hours after 

irradiationn depending on the cell line studied. 

Inn a recent study by Wei et al. (1999) in which nine enzymes involved in nucleotide 

metabolismm were measured after exposure to ionizing irradiation, it was demonstrated that 

enzymess involved in the pyrimidine pathway were modified by ionizing irradiation. Enzymes 

involvedd in the purine pathway were hardly affected by radiation. Thymidine kinase. 

thymidylatee synthase and deoxycytidine kinase were increased after radiation treatment. The 

changess in activity were greater in the radioresistant cell line. These results strongly suggest 

thatt the enzymes, thymidine kinase, thymidylate synthase and deoxycytidine kinase are 

involvedd in the response of cells to irradiation. 

Wee have previously reported enhanced cell survival in the initial part of the survival curve of 

SW15733 cells irradiated with pulsed low dose rate (pulsed-LDR; Castro Kreder et al, 2002). 

Wee suggested that this enhanced cell survival could be due to an adaptive response. 

Adaptivee responses have been reported for many different cell lines after split-dose irradiation 

experimentss (reviewed in Alsbeih et al, 1999). Cell survival of the second fraction is higher 

thann expected than that of the first irradiation fraction. In conventional high dose rate survival 

curvess which are determined with single doses, this type of adaptive response is not observed. 
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Howeverr in our experimental pulsed-LDR setup, these adaptive responses are presumed to 

playy a role. 

Inn the present study we measured the levels of both thymidine kinase 1 (cytosolic) and 2 

(mitochondrial),, and deoxycytidine kinase after pulsed-LDR irradiation in correlation with the 

enhancedd cell survival in the initial part of the radiation dose survival curve. 
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Materialss and Methods 

Celll culture 

Thee human squamous lung carcinoma cell line SW-1573 was grown in Leibowitz-15 medium 

{LI5 ;; GIBCO-BRL lif e technologies, Breda, The Netherlands) supplemented with 10 % fetal 

bovinee serum and 2 mM glutamine at 37°C with no C02. The doubling time of the SW-1573 

cellss in exponential growth is 22-24 h (Haveman et a l, 1995). For experiments cells were 

platedd in 100 mm culture dishes 48 hours before irradiation. Cells were irradiated in late 

exponentiall  growth (50- 65 % of the cells in Gl-phase, 30-40 % in S-phase, 7-15 % in G2-

phasee as determined by BrdU incorporation). 

Irradiation n 

LDRR irradiation was simulated by giving the cells small irradiation pulses followed by a 

restingg period. Pulsed-LDR irradiation was performed with a Siemens Stabiliplan-2 X-ray 

machinee (Siemens, Germany). Pulse dose was 0.1 Gy at 9.16 cGy/min, the resting period 

betweenn the pulses was 4 min 52 s resulting in a mean dose rate of 1 Gy/h. Distance between 

focuss and culture dish was 1.60 m and a 1 mm Cu- filter was used. During irradiation cells 

weree kept at 37°C in a water bath. A maximum of six 100 mm culture dishes, fifteen 60 mm 

culturee dishes or thirty-six 35 mm culture dishes could be irradiated simultaneously time with 

aa 95 % dose homogeneity. Dosimetry was performed with a BF-vat detector and a Farmer 

electrometerr once a month. 

Clonogenicc Assay 

Celll  survival was determined by clonogenic assay. In brief, after pulsed-LDR irradiation cells 

weree trypsinized and replated in appropriate dilutions in six-well culture plates (Costar). Eight 

dayss later the colonies were fixated and stained in 6 % glutaraldehyde with 0.05 % crystal 

violet.. Colonies of 50 cells or more were scored as originating from a single clonogenic cell. 

Thee plating efficiency of SW-1573 cells was 80-100%. Data were fitted to a pure exponential 

modell  using: 

S(D)'S<0)=exp-<cxD) ) 
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Deoxycytidinee kinase and thymidine kinase activity 

Sixx and 24 hours after irradiation cells were trypsinized and washed two times in PBS. Cells 

weree centrifuged and cell pellets were frozen in liquid Ni. Cells were stored in liquid N: until 

analysis. . 

Deoxycytidinee kinase activity 

Deoxycytidinee kinase activity was determined according to the method described in detail by 

Bergmann et al. (1999). Deoxycytidine activity was measured using an enzyme reaction in 

whichh deoxycytidine kinase converts tritium labeled chlorodeoxyadenosine ( H-CdA; final 

concentrationn 50 uM) into chlorodeoxyadenosine-monophosphate ( H-CdAMP), ATP serves 

ass a phosphate donor. Briefly, supernatants prepared with cold buffer (Tris/EDTA buffer 

containingg 4 mM dithiothreitol; pH 7.6) were used to determine the enzyme activity and 

proteinn content with Bio-Rad protein assay. Enzyme containing 10,000g supernatant was 

addedd to the substrate solution (containing 1 vol. ATP in MgCb-solution, 1 vol. NaF, 2 vol. 
3H-CdAA and 1 vol. Tris/EDTA buffer; pH 7.6) and incubated at 37°C. The reaction was 

stoppedd by heating the mixture at 95°C for 3 min, followed by addition of CdA. The 

denaturedd protein was precipitated by centrifuging for 10 min at 12000 rpm. Substrate (CdA) 

andd product (CdAMP) were separated by thin layer chromatography on polyethylene imine 

cellulosee layers, with distilled water as eluent. Radioactivity was measured by scintillation 

counting. . 

Thymidinee Kinase 1 and 2 Activities 

Thymidinee kinase 1 and 2 activity was determined according to the method described in detail 

byy Bergman et al. (1999). Supernatants prepared with cold buffer (Tris/EDTA buffer, pH 7.4) 

weree used to determine the enzyme activity and protein content with Bio-Rad protein assay. 

Enzymee containing 10,000g supernatant with or without excess deoxycytidine-triphosphate 

(dCTP)) was added to substrate solution (containing 2 vol. ATP in MgCl2-solution, 2 vol. C-

thymidinee and 1 vol. Tris/EDTA buffer; pH 7.6; final concentration 11 uM thymidine) 

incubatedd at 37T. Excess dCTP (10 mM) specifically inhibits the mitochondrial thymidine 

kinasee 2 while not affecting the cytosolic thymidine kinase 1 (1991). The reaction was 

stoppedd by heating the mixture at 95"C for 3 min. followed by addition of 5 mM thymidine 5 

mMM thymine. Substrate (thymidine) and product (thymidine-monophosphate) were separated 

byy thin layer chromatography on polyethylene imine cellulose layers, with distilled water as 

eluent.. Radioactivity was measured by scintillation counting. 
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Results s 

Figuree 1 shows clonogenic survival of SW1573 cells after pulsed-LDR irradiation. Cells were 

treatedd in late exponential phase (30-40 % of cells in S-phase). As expected the survival curve 

afterr pulsed-LDR irradiation could be adequately described by a pure exponential model. 

Betweenn 0-4 Gy the survival appeared increased compared to the rest of the curve and 

analysiss of this part resulted in an a value of 0.21  0.01. The a value of the overall curve 

wass 0.29 . 
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Figuree la.b. Coll survival after pulsed-LDR irradiation for SW-1573 cells. Each point represents the mean value 
off  at least 3 different experiments tSEM. Pulsed-LDR data are fitted with a pure exponential model, h: 
Enlargementt of the initial part cell survival curve. 
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Inn non-irradiated cells the levels of deoxycytidine kinase activity and total thymidine kinase 

weree 8.1 nmol/hr and 26.3 nmol/hr per mg protein. Deoxycytidine kinase activity and total 

thymidinee kinase activity, normalized for non-irradiated controls, 6 and 24 hours after 

irradiationn are shown in figure 2. For both enzymes an increase in activity was observed 6 

hourss after irradiation at all doses. Twenty-four hours after irradiation enzyme levels had 

returnedd to control levels. Deoxycytidine kinase activity was highest after 4 Gy. 
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Figuree 2. Deoxycytidine kinase (a) and total thymidine kinase activity (b) 6 and 24 hours after pulsed-LDR 
irradiation.. Enzyme activities are expressed as percentages of unirradiated controls. Error bars represent 
standardd error. 

Nextt to total thymidine kinase levels we also determined individual levels of thymidine 

kinasee 1 and thymidine kinase 2. In non-irradiated cells, levels of thymidine kinase 1 and 2 

weree each 13.1 nmol/h per mg protein. In figure 3 enzyme activity, normalized for non-

irradiatedd controls, is given for the two subforms of thymidine kinase, cytosolic thymidine 

kinasee 1 and mitochondrial thymidine kinase 2. Six hours after irradiation thymidine kinase 1 

wass elevated. This increase in activity was abolished 24 hours after irradiation. For thymidine 

kinasee 2 the activity varied after the different doses. Six hours after 2 Gy and 6 Gy the activity 

wass increased whilst after 4 Gy no increase in activity was observed. Again 24 hours after 

irradiationn no increase in activity was observed. 
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Figuree 3. Thymidine kinase 1 (a) and thymidine kinase 2 activity (b) 6 and 24 hours after pulsed-LDR 
irradiation.. Enzyme activities are expressed as percentages of unirradiated controls. Error bars represent 
standardd error. 
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Discussion n 

Inn this study we report that after pulsed-LDR irradiation the activity of deoxycytidine kinase 

andd thymidine kinase 1 and 2 was increased 6 hours after treatment. Twenty-four hours after 

treatmentt these activities had returned to control levels. We suggest that this increase in 

enzymee activity could be an explanation for the increased survival in the initial part of the 

SW-15733 survival curve. 

Twoo thymidine kinases are present in mammalian cells, the cytosolic thymidine kinase 1 and 

thee mitochondrial thymidine kinase 2. As a tightly S-phase correlated enzyme, thymidine 

kinasee 1 is solely present in proliferating cells. Thymidine kinase 2 is expressed in proportion 

too the mitochondrial content of the cells and is not cell cycle regulated (Arnér & Eriksson, 

1995).. Although the existence of the two forms of thymidine kinase was known early on, in 

manyy studies it is unclear which subform is referred to. As is the case in the next studies in 

whichh it is unclear whether "total" thymidine kinase or thymidine kinase 1 is meant (Al -

Nabulsii  et al., 1994, McKenna et al., 1988, Boothman et al., 1994, Wei et al., 1999). 

Studiess performed in cells which lack thymidine kinase expression have clearly demonstrated 

ann important role for thymidine kinase in the cellular response to radiation (Al-Nabulsi et al., 

1994,, McKenna et al., 1988). Boothman et al. (1994) showed changes in the levels of 

thymidinee kinase mRNA and thymidine kinase activity both for normal and tumor cells. 

Theree was a clear radiation dose dependency for the induction of thymidine kinase and 

thymidinee kinase mRNA levels peaked 1-5 hours after irradiation (Boothman et al., 1994). 

Weii  et al. (1999) showed changes in enzymes involved in the pyrimidine pathway after 

irradiation.. The activities of thymidine kinase and deoxycytidine kinase increased after 

irradiation.. The activity of these enzymes was highest 24 hours after irradiation. Since the 

increasee in enzyme activity was much higher in a radioresistant cell line, it was concluded that 

thymidinee kinase and deoxycytidine kinase play an important role in the response to 

irradiation. . 

Ourr results show an increase in enzymatic activity of thymidine kinase 1 and 2 and 

deoxycytidinee kinase. We presume that this represents an adaptive response of the cells to 

irradiationn which correlates with the enhanced survival in the initial part of the p-LDR 

survivall  curve. In agreement with the results of Boothman et al. (1994) and Wei et al. (1999) 

thee increase in enzyme activity was observed hours after irradiation. This implies that fast 

componentss of DNA repair cannot be affected, only slow component like sublethal damage 

repairr and potentially lethal damage repair may be affected. 

159 9 



ChapterChapter 7 

Thee observation that not only thymidine kinase 1 but also mitochondria] thymidine kinase 2 is 

increasedd after irradiation implies that the activity of this enzyme is not only important in case 

off  damage to mitochondrial DNA but also of damage to nuclear DNA. Moreover, in cells in 

celll  cycle phases other than the S-phase thymidine kinase 2 is the only pyrimidine nucleoside 

phosphorylatingg enzyme expressed (Arnér & Eriksson, 1995). We conclude that both 

thymidinee kinase 1 and 2 are involved in an adaptive response to radiation. 

Thee radiation-induced increase in enzyme activity after pulsed-LDR irradiation could be 

beneficiall  in clinical use in combination with chemotherapy. Several anti-cancer agents are 

dependentt on these enzymes for their activation. For example gemcitabine, a deoxycytidine 

analog,, which is used in the treatment of lung and pancreas cancer, is activated by 

deoxycytidinee kinase (Ruiz van Haperen & Peters. 1994) while the pyrimidine analogs 5-

fluorodeoxyuridine,, 5-bromodeoxyuridine and 5-iododeoxyuridine are activated by thymidine 

kinasee (Arnér & Eriksson, 1995). Since these agents are often combined with radiotherapy in 

thee clinic it could prove advantageous to apply these agents during or after radiotherapy 

treatmentt instead of before. This increased enzyme activity after radiation could make the 

cellss more vulnerable for these drugs. 
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