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Thymldme kinase (ATP thymldme 5'-phosphotransferase, EC 2 7 1 21), punfied to apparent homogeneity from 
human liver, was found to have Mlchaehs constants for thymidine and ATP of 5 and 90 #M, respectively Based 
on studies of mltlal velocity and product mhibmon, the enzyme kinetic mechanism is compatible with an ordered 
sequentml reaction with thymldme binding first and thymldme monophosphate released last The actiwty of 
various tnphosphate nucleosides as phosphate donors for human hver thymldme kmase showed httle specificity 
with ATP > CTP > UTP > GTP and the respective Mlchaehs constants ranged from 0 10 to 0 30 mM Among 
various purine and pynmldme compounds, only TTP and dCTP were effective mhlbltors of the enzyme Inhibmon 
with TTP was competitive with respect to both thymidine and ATP with K1 values of 13 5 and 8 5/aM, respect- 
tlvely, whde the inhibition produced by dCTP was complex Deoxycytldme was found to be an effective nucleo- 
side substrate for human hver thymldlne klnase with a Mlchaelis constant of 6/aM This finding suggests that 
human mltochondnal deoxycytldme and thymldlne klnase activity is a single protein 

Introduction 

Thymldlne klnase (ATP-thymldlne 5'-phospho- 
transferase, EC 2 7 1 21) catalyzes the phosphoryla- 
tlon of thymldme to form thymldIne 5-monophos- 
phate [1,2] In mammahan tassue this actwlty occurs 
as distinct lsoenzymes wath peculiar subcellular orga- 
mzatlon and related cell cycle actlvaty, increased cel- 
lular DNA synthesis is accompanied by increased 
cytosohc thyrmdme kinase activity, whereas that of 
the assocmted rmtochondraal actwlty remains rela- 
tively constant [3-8]  Despite these findings, the 
exact cellular role for thym:dme klnase and, in parti- 
cular, the mltochondrlal enzyme, is poorly under- 
stood The kanetlc studies of thymldlne lanases, 
derived in varying degrees of purity from mamma- 
han tissues [8-13] ,  have all yielded divergent 
findings which warranted a study of the kinetic 
characteristics of thymldlne klnase from a non-neo- 
plastic human source We have recently purified thy- 
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mldlne klnase, from normal human liver [14], to 
apparent homogeneity, this is presumed to be the 
mltochondnal enzyme, and the substrate specificity, 
kinetic behavlour and mechamsm of inhibition of 
this enzyme are the subject of this report 

Materials and Methods 

[5)H]Deoxycyt:dlne (20 C1/mmol) and [6-3H] - 
thymldxne (5 C1/mmol) were obtained from The 
Radlochemlcal Center, Amersham All purlne or 
pyrlmldlne bases, nucleos:des and deoxynucleosldes 
and the corresponding nucleotldes or deoxynucleo- 
tides were obtained from Sigma These compounds 
were of the highest quahty commercially available and 
used without further purification The concentration 
of all compounds used was based on the specification 
supphed by the manufacturer 

E n z y m e  preparatton Thymidlne kmase actwlty 
used in this study was purified to apparent homo- 
genelty from human liver [14] The enzyme prepara- 
tion obtained has a specific activity of 22 umts/mg 
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protein, 1 unit enzyme activity is defined as the 
amount of  thymldlne klnase which converts 1 nmol 
dThd to thymldlne monophosphate (TMP)per mln 
The enzyme preparation does not exhibit thymldlne 
phosphorylase or deoxycytldlne deammase activity 
All experiments were performed on the day of 
enzyme lsolaUon, prior to the kinetic studies, the 
enzyme preparations were dlalysed at 4°C for 4 h 
against 200 vol of  0 2 M TrIs-HC1 (pH 7 4) 

Enzyme assay Thymldlne klnase activity was 
assayed as described previously [15] The standard 
reaction mixture consisted of  0 1 M Trls-HC1, pH 7 4/ 
2 ram ATP/4mM MGC12/55 p.lVl [6-3H]thymldlne 
(5 Cx/mmol)/bowne serum albumin l mg/ml, in a 
final volume of  0 1 ml After 5 - 1 0  mm incubation 
at 37°C the reaction was terminated by placing an a 
boiling water bath for 1 mln Aliquots (50 p.l) were 
spotted on DE-81 paper squares (1 5X 1 5 cm), 
which were processed and assayed for radioactivity in 
a hquld scintillation counter as described previously 
[15] 1 -3  #g enzyme protein were used in each assay 
and under the described conditions the assay was 
linear with respect to time and protein concentra- 
uon Llneweaver-Burk plots were drawn after using 
amounts of  enzyme sufficient to convert 1 -10% sub- 
strate to product under the standard assay condmons 
Secondary plots were used to calculate Km and K, 
values The points plotted an each figure are the 
actual data points, whereas the hnes are those derived 
by weighted linear regression analysis 

Protein concentrations were determined by the 
method of  Lowry et al [16] using bovine serum albu- 
min as standard 

Results 

Dtvalent catzon requtrements Human hver thyml- 
dine kmase has an absolute requirement for a divalent 
cation for catalytic activity Maximal activity was ob- 
tained with Mg 2+, and Mn 2÷ and Co 2÷ supported les- 
ser degrees of  activity With fixed ATP concentrations 
of  1 and 5 mM, MgC12 less than 2 mM produced an 
inhibitory effect on activity, comparable degrees of  
lnhlbmon also occurred with concentrat]ons of  1 mM 
ATP and 10 mM MgC12 Maximal enzyme acUvlty was 
observed with eqmmolar excess of  MgC12 relative to 
ATP concentratmn 

Imnal veloczty and product mhlbmon Double- 
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reciprocal plots of  tmtlal velocity data obtained with 
variable concentrations of  dThd from 5 - 3 0  ~ with 
fixed concentrations of  0 0 5 - 1  mM ATP, yielded a 
series of  lines that Intersected to the left of  the verti- 
cal axis (Fig 1) Secondary plots of  the slope and 
Intercepts were linear and yielded a Km of 90 ~ for 
ATP Double-reciprocal plots of  initial velocity find- 
rags, obtained by varying concentrations of  ATP 
against fixed concentrations of  dThd, also yielded a 
series of  converging hnes (data not given) Secondary 
plots of the slope and intercepts were linear and 
yielded a K m for dThd of  5 ~zM 

Inhibition of human llve~ thymxdlne klnase by 
fixed concentrations of the product of  the reaction 
ADP, with concentrations of  the substrate dThd 
varying from 5 to 30/~M ant  a final saturating con- 
centratlon of  ATP of  2 raM, produced changes in 
both slopes and intercepts of  double-reciprocal plots, 
consistent with non-competlttve inhibition (data not 
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F]g 1 Double-rec]procal plots of mmal velocity studies with 
variable dThd concentrations ranging from 5 to 30 IsM and 
fixed concentrations of ATP ranging from 0 05 to 1 0 mM 
o o, 0 05 mM, • ~, 0 10 mM, ~ a, 0 125 
mM,• • , 0 2 5  mM and • o, 10 mM The assays 
contained 50 mM Tns-HC1 buffer pH 7 4 and 0 033 units 
enzyme The reset shows a secondary plot slope (• •) 
and intercepts (~ c~) versus the reverse ATP concentra- 
t]on The K m for ATP Is 90 IAVI and 5 ~ for dThd 
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Fig 2 Double-reciprocal plots of product mhlbltmn studies 
with TMP The variable substrate dThd concentrations ranged 
from 7 5 to 30 laM and fLxed concentrations of TMP from 0 
to 2mM o o, 0 m M , •  • , 0 2 5  mM,~ D, 
050 mM,~ ~, 10 mM and e - -  o, 20mM Each 
assay contained 50 mM Trls-HCI buffer, pH 7 4/2 mM ATP/ 
4 mM MgCI2/0 033 umts enzyme The inset shows a second- 
ary plot of slopes versus the TMP concentraUons m mM 
yielding of K~ of 0 63 mM 

given) T h e K ,  for ADP was 6 5  mM With ATP as 
the variable substrate and dThd at a fixed concentra- 
Uon of  55 p.M, inhibition produced by ADP was 
apparently uncompeUtlve When mhlblUon of  human 
hver thymldlne lonase by the end product  of  the reac- 
Uon TMP was studied with varying concentrations of  

the substrate dThd and a fixed concentratmn of  ATP, 
double-reciprocal plots revealed changes m slopes, but  
not  intercepts consistent w~th competl twe inhibition 
(Fig 2) The K, for TMP was 0 63 mM With varying 
concentratmns of  the substrate ATP and fLxed con- 
centratmns o f  thyrmdme, TMP was found to be non- 
inhibitory 

Speclfictty of  phosphate donors for thymtdme 
kmase Various deoxynucleoslde tnphosphates  were 
examined for their efficiency as phosphate donors for 
human hver thymldme lonase Maximal act lwty was 

TABLE I 

SUMMARY OF K m AND V VALUES FOR DIFFERENT 
PHOSPHATE DONORS OF HUMAN LIVER THYMIDINE 
KINASE 

V values are expressed as percent actwltles with respect to 
ATP 

Donor K m (mM) Relatwe V 

ATP 0 10 100 
CTP 0 15 62 
UTP 0 26 48 
GTP 0 30 45 

observed with ATP whale CTP, UTP and XTP were 
also active donors * The lonetlcs of  ATP, CTP, UTP 
and GTP as phosphate donors for human hver thyml- 
dine lonase were stu&ed in further detad All these 
nucleoslde trlphosphates conformed to Lmeweaver- 

Burk kinetics and the appropriate Km and relative V 
are shown m Table I 

NucleosMe spectfictty of  nucleostdes for thymz- 
dme kmase The nucleoslde substrate specificity for 
human hver thymldme klnase was examined by deter- 
mmmg the effect of  various nucleosldes on enzyme 
acUvlty with thymldme as the substrate and these 
data are presented in Table II Among the compounds 
tested only deoxycyt ldme,  deoxyundme,  5-fluorode- 
oxyurldme and 5-1odocytldme produced slgmficant 
degrees of  inhibition of  enzyme activity The Km for 
deoxycyt tdme was determined to be 6/AM 

Effect of  purme and pynmMme nucleottdes on 
thymMme kmase acttvtty A number of  purme and 
pynmldlne nucleotldes were examined for their effect 
on human hver thymldlne lonase Of the pyrtrnxdlne 
compounds dCTP and TTP were found to be effec- 
tive mhlbltors,  whale among the punne compounds 
tested, dGTP exhablted a significant inhibitory 
effect * The mechanism of  mtubltmn of  human hver 
thymldlne kmase by TTP and dCTP was further 
examined TTP was found to be a competitive lntub- 
ltor with respect to either of  the substrates, ATP and 
thymldme,  with K~ values of  8 5 and 13 5 pM, res- 
pectwely With thymldme or ATP as the variable 
substrate, dCTP exhibited a complex pattern of  
inhibition. With concentratmns of  dCTP ranging from 

* Results available on request 



TABLE II 

THE EFFECT OF VARIOUS NUCLEOSIDES ON THE AC- 
TIVITY OF HUMAN LIVER THYMIDINE KINASE 

Assays were performed m duphcate wRh 55 tzM [3H]thyml- 
dine, 2 mM ATP, 2 mM MgC12 and 55 ~M of the indicated 
compound Results are expressed as percent TMP formed m 
the absence of additional pynmldlne or purme nucleoslde 
Each assay contained 0 033 umts purified enzyme 

Additional nucleosldes Percent actw~ty 

None 100 
Adenosine 95 
Guanoslne 90 
Cytldme 90 
Urldme 80 
Deoxyadenosme 89 
Deoxyguanosme 83 
Deoxycytldme 61 
Deoxyundme 70 
Chloroadenosme 76 
5-Fluoro-deoxyundme 71 
5-1odocytldme 53 
6-Mercaptopurme nboslde 72 
6-Azaundme 74 

0 to 25 ktM, dCTP exhibited progressive degrees of 
inhibition which was reversed at higher concentra- 
tions of 0 05 to 1 mM dCTP This anomalous inhibi- 
tion occurred independent of the concentration of 
substrates dThd or ATP 

Discussion 

The kinetic mechanism of mltochondrlal thymI- 
dine kmase purified to apparent homogeneity from 
human liver has been studied Reciprocal plots of 
initial velocity data are Intersecting and suggest a 
sequential reaction mechanism [17] Product lnhtbl- 
tion studies have shown that ADP is non-competitive 
with respect to dThd, but with the substrate ATP 
produced a series of hnes that were nearly parallel 
rather than intersecting This property reflects the 
irreverslbdlty of the reaction in which nearly paral- 
lel intersecting lines would be expected TMP was 
found to Inhibit In a manner which ts competitive 
with respect to thymidine but not ATP These ob- 
servations are most compatible with an ordered 
reaction mechanism in which thymidlne binds first 
and TMP is released last [17] The reaction mecha- 
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nlsm suggested by our data IS 

dThd ATP ADP TMP 
. . . .  J, t t 

E E Thd E Thd AqP E TMP 
E TMP ADP 

Thymidlne klnase from call thymus [9] and the 
cytosol lsoenzyme of human leukemic blast cells 
[13] exhibit similar reaction mechamsms but, para- 
doxlally, that for the mitochondrlal tsoenzyme of 
human leukemia blast cells appears to be a 'ping- 
pong' reaction mechanism [13] The basis for this 
difference between the hulnan mltochondrlal en- 
zymes is not apparent 

With respect to phosphate donors, the enzyme 
from human liver is not highly specific In that CTP, 
XTP and UTP could efficiently substitute for ATP, 
with all nucleoslde trlphosphate tested conformmg to 
Lmeweaver-Burk kinetics (Taole I) A similar nucleo- 
side triphosphate donor specificity has been observed 
for the mltochondrlal enzyme of human leukemic 
blast cells [13], however, thymldlne kmases from 
other mammahan sources Including calf thymus [9], 
prohferatlng human skin fibroblasts [6], the cyto- 
sollc enzyme of human leukemic blast cells [13] and 
human fetal liver [18] are more restrictive in phos- 
phate donor specificity, with ATP the optimal donor 
The Mlchaehs constants for thymidlne of the en- 
zymes from various mammalian sources range from 
2-57  /.tM The value of this constant for the human 
liver enzyme (5/.tM) agrees favourably with that 
found with either the cytosol (2 6 p.M) or matochon- 
drial (5 2 #M) isoenzymes of human leukemic blast 
cells but is considerably lower than that found with 
the calf thymus enzyme (57 ;zM) Leung and hts col- 
leagues [19] have suggested that the mItochondrial 
thymtdlne klnase can also act as a deoxycytldine 
klnase The nucleoslde substrate specificity of the 
homogeneous human liver enzyme reported here 
agrees with this suggestion, as deoxycytldlne is an 
effective phosphate acceptor with a MIchaehs 
constant (6/.aM), which corresponds favourably to 
that of mltochondrial deoxycvtldlne kinase of human 
leukemic cells [20] 

dTTP and dCTP have been found to act as feed- 
back effectors of some enzymes involved in DNA syn- 
thesis [21 ], and of the various purine and pyrlmidIne 
compounds examined, these two deoxynucleoslde trl- 
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phosphates exert a slgmficant mhabltory effect on 

human laver thymldlne klnase The mechamsm of 

mhabltmn by dTTP was found to be competitive with 

respect to both substrates thymldane and ATP and 

samllar mechamsms occur wath the calf thymus en- 

zyme [9] In keeping with properties of  mltochon- 

dnal enzyme of human leukemic blast cells, the inhib- 

ition produced by dCTP is more complex which an 

part may reflect the fact that dCTP can act as a phos- 

phate donor 
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