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SUMMARY

COOPER, GEOFFREY M., AND GREER SHELDON: Phosphorylation of 5-halogenated

deoxycytidine analogues by deoxycytidine kinase. Mol. Pliarmacol. 9, 704-710 (1973).

The phosphorylation of 5-substituted deoxycytidine analogues by deoxycytidine kinase was

studied in extracts of mouse and human lymphoid cells. The apparent Km for the phos-
phorylation of 5-bromodeoxycytidine in extracts of mouse lymphoma cells was 2.0 m�i, in

contrast to a Km of 10 p.ti for deoxycytidine phosphorylation. The apparent Km for the

phosphorylation of 5-methyldeoxycytidine by the mouse enzyme was 80 �oti. The affinity of
mouse deoxycytidine kinase for 5-iododeoxycytidine was lower thati for 5-bromodeoxycyti-

dine, whereas its affinity for 5-fluorodeoxycytidine was similar to that for deoxycytidine.
With human deoxycytidine kinase the apparent Km was 0.4 m�i for 5-bromodeoxycytidine,
as compared to 2.0 j�i for deoxycytidine. These results suggest that the activity of deoxy-

cytidine kinase is affected by the size of substitutions in position 5 of its substrate. This
restricted substrate specificity of deoxycytidine kinase could limit the utilization of 5-bromo-

deoxycytidine for DNA synthesis.

INTRODUCTION

5-Bromo- or 5-iododeoxycytidine is incor-

porated into the DXA of murine cells as

5-bromo- or 5-iododeoxyuridylate (1, 2).

This could occur by reactions catalyzed

either by cytidine deaminase and thymidine

kinase (5-hromodeoxvcytidine ‘� 5-bromo-

deoxyuridine -#{247} 5-bromodeoxyuridylat e) or
by deoxycytidine kinase and deoxycyti-
dylate deaminase (5-bromodeoxycytidine -�

5-bromodeoxycytidylate -* 5-bromodeoxy-

uridylate).
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Cramer et al. (1) have reported that
P815Y mouse neoplastic mast cells lacking
thymidine kinase are resistant to the cyto-
toxic effects of 5-bromodeoxycvtidine. We
have found that inhibition of eytidine de-

aminase in rico inhibits the incorporation of

5-bromodeoxycytidine into the DNA of
mouse tissues (3). These results suggest that
the utilization of 5-bromodeoxycytidine pro-

ceeds primarily by the cytidine deaminase-

thymidine kinase pathway. Since 5-bromo-

deoxycytidylate has been shown to be a

good substrate for deoxycytidylate deami-

nase (4), w-e have investigated the substrate

specificity of deoxycytidine kinase in order

to account for the comparative lack of ac-

tivity of the deoxycytidine kinase-deoxy-

cytidylate deaminase pathway.
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METHODS

Chemicals. {5-3lljDeoxycytidine and 5-
bromo[6-3H]deoxycytidine were purchased
from New England Nuclear Corporation.
Thymidine [-y-�2PJ5’-triphosphate was pur-

chased from International Chemical and
Nuclear Corporation. Nucleoside 5’-triphos-
phates, deoxycytidine, 5-methyldeoxycyti-

dine, 5-bromodeoxycytidine, and 5-iodode-
oxycytidine were purchased from Sigma

Chemical Company. 5-Fluorodeoxycytidine
was a generous gift from Dr. Jack J. Fox of

the Sloan Kettering Institute for Cancer

Research.
Growth of cells and preparation of extracts.

P388 mouse ascites lymphoma cells were

maintained by intraperitoneal transplanta-
tion in DBA/2 male mice. Cells were har-
vested 6 days after inoculation of 5 X 10�

cells. The cells were washed twice with
phosphate-buffered saline (0.8 (/� sodium

chloride, 0.02 % potassium chloride, 0.15 %

sodium phosphate dibasic, and 0.02 % potas-
sium phosphate monobasic, pH 7.2). Eryth-
rocytes were hemolyzed by suspending the
cell pellet in 2 volumes of distilled water for
1 mm, after which isotonicity was restored

by addition of 1 volume of 2.7 % sodium
chloride and 5-10 volumes of phosphate-

buffered saline. Cells were collected by cen-
trifugation, and the procedure was repeated

two or three times until hemolysis was

complete. The cells were then suspended in
2-5 volumes of buffer containing 25 m�i
Tris-HC1 (pH 8.0), 10 mr�i 2-mercaptoetha-

nol, 10 #{182}� glycerol, 1.0 m� magnesium chlo-
ride, and 0.2 m�t thymidine 5’-triphosphate.

Cells were disrupted by sonication at 00. The

sonic extract was centrifuged at 105,000 X g

at 4#{176}for 90 mm. The supernatant fluid was

stored at - 30#{176}.Thymidine 5’-triphosphate

or uridine 5’-triphosphate was required for
enzyme stability, in the frozen state and at

37#{176}.
RPMI 4098 cells, a normal human lym-

phoid cell line obtained from Associated Bio-

medic Systems, were grown in stationary cul-
ture in RPMI 1640 medium supplemented

with 10 #{176}� fetal calf serum, penicillin
(50 units1/ml), and streptomycin (50 pg/nil)
in an atmosphere of 5 % carbon dioxide-95
air. \Iedia, sera, and antibiotics were i)ur-

chased from Grand Island Biological Cor-

poration. Cells were harvested by centrifu-
gation and washed twice with phosphate-
buffered saline, and an extract was prepared
and stored as described for P388 cells.

Protein concentrations were determined

by the method of Lowry et al. (5), with
bovine serum albumin as standard.

Phosphor ylation of 3H-labeled nucleosides.

The assay was a modification of that de-

scribed by Kessel (6). The reaction mixture
contained 5 m� magnesium chloride, 10 mM

sodium fluoride, 10 m�t potassium phosphate
(pH 8.0), 50 m�oi Tris-HC1 (pH 8.0), [5-3H]de-

oxycytidine or 5-bromo[6-3H}deoxycytidine,
and either adenosine 5’-triphosphate, uridine
5’-triphosphate, or thymidine 5’-triphos-

l)hate as the phosphate donor in a total vol-
ume of 0.1 ml. After incubation at 370, the
reaction w-as terminated in boiling water,

and 0.05-ml aliquots were applied to 2.4-cm-
diameter discs of Whatman DE81 chroma-

tography paper. The discs were washed four
times with distilled water and twice with

95 % ethanol. The discs were then dried,
and radioactivity was determined by liquid
scintillation spectrometry. Product forma-

tion was proportional to incubation time in

all experiments for which reaction rates are
reported. Initial reaction rates were propor-

tional to the amount of extract added to

the reaction mixture.
Phosphor ylation of unlabeled nucleosides.

In order to assay phosphorylation of un-
labeled nucleosides, thymidine [)‘-32P]5’tri-
phosphate was used as the phosphate donor

and the nucleoside monophosphate product

was isolated by chromatography on DEAE-

impregnated paper (Whatman DES1). Since

good chromatographic separation of the nu-

cleotide product from the donor triphos-

phate was essential, it was necessary to

prevent the formation of deoxycytidine 5’-di-

or -triphosphate. For this reason thymidine

y-32P]5’-triphosphate was used as the phos-

phate donor. Deoxycytidine kinase can uti-

lize thymidine 5’-triphosphate as well as

adenosine 5’-triphosphate as a phosphate

donor (7, 8), but thymidine 5’-triphosphate

cannot lie used liv deoxycytidylate kinase

(9). Therefore the only product formed un-
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(leF these (otiditiouls is d(oxy(yti(iine 5’-

nionophosphate (6).
Before II5(� in this assay, the e�izynie prep-

aration was (lialvzed for 18 hr against two

changes of 1-liter aliquots of the l)ufler us(d
for enzyme preparation, in order to re-

IflOV� endogenous nucle tsides and nucleo-

ti(les. Thymidine [y-32P15’-triphosphate (0.2
mM, 20 �Ci/pmole) was used as the 1)1105-

l)Ilate donor in the standard reaction mix-
ture. Controls consisted of reaction mixtures

which did not contaiui acceptor nucleosides.

After incubation at 3i#{176}, tubes \V(re j)laced
in ice, and the reaction was terminated liv

addition of Of) ml of phosphtlt( PreciPitatioll

reagent (10), cotisisting of 0.57 N perchloric

acid, 2.9 ammonium molybdate, and 29
mM triethylamine hydrochloride (pH 5.0).
Precipitated inorganic phosj)llat( and pro-

t(in were removed by tentrifugation, and 10
pl of the superutatant fluid \v(r( chromato-

graphed on \Vhat man DES I chroumtt og-
ra�)hy paper w-ith 0. 1 �i sodium formate (pH
3.4). The I?F values (If deox�-c�-tidine 5’-
monophosphate and tliymidine 5’-triphos-

Pilate were 0.4 and 0. 1 , r(spectivelv. The
positions (If radioactive p(aks \VeF( deter-

muted wit li a Baird-Atomic radiochr IniatI -

gram 5cI1t1tl(t�. ‘ill( radioactiv( p(aks and

corresponding areas of cont r( II chr( imato-

grams were cut out, and radioactivity

was determined by liquid seiuitullatioui spec-

tr( )metry.

(‘�jtidine oleain iflOSC. Tll( activity of cyti-

diuie deamitiast WIts d(t(rmin(d 1)y a uiiodi-

fication of the method (If I)urham and Jy(s

(11) in r(II(tioII mixtures i(lentieItl with the
one descril)ed a1)o\�(. lollowing incubation

at 37#{176},the r(acti(IuI WItS t(rniiulItt(d in boil-
ing Wat(r. A 20-��l aliquot \V�ts applied to

\Vhiatmaui 1)EM1 (hromatograj)hy 1)al)(t’ to-

gether with 10 pl each of (i(oxyuridin( (10
mg ‘ml), deoxvcytidune (10 mg ml), and de-

oxycytidine 5’-m( )tI( )ph( )sphate (20 nig,/ ml).
After chromatography with 0.03 x f ItnIi(

acid, the standards were identihed under

ultraviolet light, t11( lIltlttvI()l(t hight-abs( )I’b-

ing areas \V(re (lit out, and radioactivity was

determined by liquid scintillation spectroni-

(try. The I?� valu(s (If deoxycvtidine, de-

Oxvuridin(, Ituld d(oxyeytidine 5’ -mon( Ij)11O5-

Phtlt( were 0.6, 0.4, and 0.1 , r(sj)((tiv(ly.

RESULTS

��Bromo[6-�Hjdeoxycytidiuie, at concen-

trations of 20, 100, and 250 �\i, was not

�)I1osphorylated at a significant rate, com-

pared to the rate of [5-3Hjdeoxycytidine

phosphorylation, ill extracts of P388 mouse
lymphoma ((115 (1’ig. 1). l)eoxycytidine ki-
nase from ii ormal human lVml )lloid (ells,
like the inurine (ulzvm(, was unable to

pin )sphlorvlate 20 pM 5-br In1O{(J-1Hjdeoxycy-

tidiuje, although 100 pM 5-bromo[6-3H]deoxy-
(vtiditie was PhosPhOF.YlI1ted at 18 �L of the

FIIt( (If [5_:iH]d(ox�.tidiu1e (Fig. 2). Com-

parable results �veii obtained with both the
muruuie and hutnaui (nzymnes whether adeno-
sine 5’-triphosphate or thymiditie 5’-triphos-

l)hlttt( �vas Usc{l Its j)hosphlat( (loulol.

Iii (Ird(1 to dtmouistratt that 1H-1’li)eled

lIucl(otid( formation frI ni [5-3Hjdeoxycyti-

E

Time (mm)

�;. 1 . Ph osph oryloi t ion of {5_3JJ ]deoxycyt jo/i,, C

((lid 5-bromo 6-H]deO.T!/(1/t u/ill (‘ by tleo.rycyt u/in e

1i,n-�se of P388 ii,ouso, l!ulnPIlolflU (el/S

React 11)11 inixt ores (( nt ai ned 5.0 m�i adeun sine

5’-t riphosphate an(l 0.15 rug of 105,00() X g super-

tint ant protein (If P3MM ((115 iii a 0.1 -ml VI Illume.

Nuclcotide forinatioui was determined by the

1) I;A I� (liS( met hId. 5_H J1)eoxyc t i(line con-

ceuitiatiotis welt 20 /2M (s), 100 2M (u), ati(1 250)
jiM (A). 5-Bromo[6-I1 }deoxvcvtidine c(Incentra-

tiou,s were 2(1 �LM (0), 100 L�l (0), and 250 z�i (A).

The spc(ifi( itt ivities t�f [5-11 Ideoxycytidine 011(1

3-br mo 6-�l I Ideoxycyt idine were ideui t ical at each
luilent ration: 20 �iM , 25 ,Ci /2unole ; 100 � , 5

j.i(i j2nloIe; 250 j�\t, 2 j.tCi j.irnole.
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FiG. 2. Ph osph orylat ion of [5_311 ]deoxyeyt i(/ill C

011(1 5-broin o [6-3H]deoxyeyt 1dm e by oleoxyt-yt iii,, e

hinase front RP.1II 4098 h l1111�1l lyinphoul (TIIS

Reaction mixtures contained 5.0 mu t hyntidine
5’-triphosphate and 0.15 mg of 105,000 X g Super-

natant protein of RPMI 4098 cells in a 0.1-ml

volume. Nucheotide format ion was determined by

the 1)EAE disc method. [5_hiljDeoxycytidine con-

cetitrations were 20 � #{149})and 100 j�I (U. 5-

Bromo[6_hlljdeoxycytidine concent rat ions were

20 ,�m (0) and 100 j�i (0). The specific activities

of t5-3Hldeoxycytidine and 5-bromo[6-311]deoxy-

cytidine were identical at each substrate concen-

tration : 20 �i, 25 jrCi/j�mo1e; 100 �u, 5 jiCi�jiniole.

(hilie was in fact (atalyzed by deoxycytidine

kinase, the (ffects of thymidine 5’-t#{149}riphos-

phate and d oxycytidine 5’ -t riph sphate on
the ph( )sphorylation of [5-3H Ideoxycytidine
were studied. Nucleotide format ion from

[5-3llldeoxvcvtidine \V�S increased liv thymi-
dine 5’-triphosphate and inhibited more than

98 by deoxvcytidine 5’-triphosphate (Ta-

ble 1). These results are similar to those

obtained with purified preparations of de-

oxvcvtiditn kinase, which is inhibited liv

deoxycytidine 5’-triphosphate (6, 7, 12). If

the alternative mode of uticleotide forma-

t ion, deamination of the nucleoside followed

1)v phosphorylation liv thymidine kinase,
\V(F(’ being assayed, one would instead pre-

diet inhibition by thymidine 5’-triphosphate,

which is a feedback inhibitor of thvmidine

kinase (13).

In order to exclude further the possibility
that tiucleoside deaniination might provide

F.�ulLu: 1

Effects- (lJ th lull ((hue 5’-triphos-p/iate ((110/

deoxqci�t ic/ui e 5’ -trip/i osph (ftc on ph osp/i or!//at 1011

of {5-3Hjdeoxycytidiiic

React 1011 mixtures contained 20 jiM [5_311]

(leoxvcvtidine (25 LLCi’jLtil(Ile), 5 mM adeuiositie

5’-triphosphate, and 0.15 mg of 105,000 X g super-

natant protein of P3MM cells in a 0.1-nil volume.
Thymidine 5’-triphosphate and deoxvcvt i(lille 5’-

tri�)hosphate were added at concentrat uolns of

0.5 m�i. The formation of 311-labeled nucleot ides

was determined by the I)EAE disc method.

Added eflector Rate of [5-3Hldeoxvcvtidine
phosphorylation

�znioles /i(

None
Thymidiuie 5’-tri-

phosl)hate
I )coxycyt idine 5’-t ri-

1)hosphate

an alt (Illilt i�’�’ pat hwav for utucli (It i(l( 6

matiout, or interfere with determinati )l of

deoxvcvtidine kinase activity by thamiutat-

ing significant amounts of substrate, the

dearnination and �iliosphiorylatioui (It deoxy-

(yt idin were assave(l simul tane tuslv I y
chrornatographic analysis of the products

formed in a reactit at mixture con taiu on g 50
pM [5_:IH]doxycytidine and 0.2 mu thvmi-

(litl( 5’-triphosphate as substrates. No t�-ti-

(line deaminase activity was det(ct((l in the

P385 ((11 extracts (Table 2).
The phospliorylation of 5-substit Ute(l (he-

oxycytidiiie analogues, in addition to 5-bro-

modeoxycytidine, was studied in order to

investigate further the substrate specificity

of mouse deoxycytidine kinase. Since these
analogues were not available as radioactively

labeled (( >nipoutids, t heir P1105l)i101Yhii tioui

was assaye(l utilizing thynudiute �y-2PJ5,-t � -

phosphate as t he 1)111Isphate do mt r, f� Illowed

by chr )mat ( mgrapliic isolation, on I )E8 I chr( -

matography i)aper eluted with 0. 1 M sIdium

format e, of the :12p_laI)(l(d nucleoside m iio-

phosphate product. With all nucleoside sub-
strates studied, the :121)_ltjj(l(d nucle Iside
monophosphate product chromtttographed

with the same 1?,. (0.4) as deoxvcvtidine 5’-
monophosphate. ‘ihe enzyme Preparation

used in these experiments catalyzed the

phosphorylation of deoxycyt idine, 5-fin mr� t-
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TABLE 2

Deoxy-y!idine kinase and deoxycytidine dearninase
in extrac(s of P388 cells

Reaction mixtures contained 50 MM [5-3H]
deoxycytidine (10 jiCi/jimole), 0.2 m� thymidine

5’-triphosphate, and 0.21 mg of P388 105,000 X g

supernatant protein in a 0.1-mi volume. Aliquots

(20 j.il) of the reaction mixtures were chromato-

graphed with carrier deoxyuridine, deoxycytidine,
and deoxycytidine 5’-monophosphate on DE81

chromatography paper with 0.03 N formic acid.

The ultraviolet light -absorbing areas corre-
sponding to deoxyuridine (R1 0.4), deoxyeytidine

(R1 0.6), and deoxycytidine 5’-monophosphate

(R1 0.1) were cut out and cotunted in a liquid
scintillation spectrometer.

Incubation
time at 370

Radi oactivity recovered

Deoxycy-

tidine
Deoxy-

uridine
Deoxycytidine

5’-mono-
phosphate

mm c/nfl cpnz c/nfl

0 1000 20 10

60 70() 10 150

deoxycytidine, 5-methyldeoxycytidine, and
5-bromodeoxycytidine at a linear rate for

1-2 hr at 37#{176}.To obtain the maximum sen-
sitivity in kinetic experiments utilizing thy-
midine [‘y-32PJ5’-triphosphate, reaction mix-
tures were incubated for 1 hr. The rate of

deoxvcytidine phosphorylation determined

with this assay, in a reaction mixture con-

taining 100 pM deoxycytidine, 0.2 mM thy-

midine [y-32P]5’-triphosphate, and 0.15 mg of

P388 105,000 X g supernatant protein, was

1.5 nmol(s/hr, which is comparable to a rate

of 1.3 nmoles/hr determined in a parallel

reaction mixture in which [5-3Hjdeoxycyti-
dine was used to assay deoxycytidine phos-

phorylation by the DEAE disc method.
The rate of phosphorylation of 5-fluoro-

deoxycytidine was approximately equal to
that of deoxycytidine phosphorylation (Ta-
ble 3). 5-Methyldeoxycytidine was phospho-
rylated at approximately 30 % of the rate of
deoxycytidine. Phosphorylation of 5-bromo-

deoxycytidine was detected at approximately

20 of the rate of deoxycytidine phospho-
rylation at a concentration of 0.5 m�i, and

at 32 #{182}�of the rate of deoxycytidine phos-
phorylation at a concentration of 5.0 mM.

No phosphorylation of 5-iododeoxycytidine

TABLE 3

Phosphorylalion of 5-substituted deoxycylidine

analogues by deoxycytidine kinase of P388 cells

Reaction mixtures contained thymidine ly�32P]

5’-triphosphate (0.2 m�a, 20 ,zCi/Mmole) and 0.15

mg of P3MM 105,000 X g supernatant protein which

had been dialyzed to remove endogenous nucleo-

sides and nucleotides. The rate of nucleotide

formation was determined by isolation of the

nucleot ide monophosphate product on Whatman

1)EM1 chromatography paper after 1 hr of incuba-

ti(Ifl at 37#{176}

Nucleoside substrate Rate of Nucleotide Formation

0.5mM 5.0mM
substrate substrate

nmoles//ir

l)eoxycytidine 1.8 2.4
5-Fl uorodeoxycyt i- 1 .6 1.8

dine

5-Met hyldeoxycyti- 0.6 0.8

dine

5-Bromodeoxycyt i- 0.4 0.8

dine

5-lododeoxycytidine <0.1 0.4

was observed at a concentration of 0.5 mM,

although 5.0 m�i 5-iododeoxycytidine was
phosphorylated at 15 #{182}of the rate of de-

oxycytidine.
Kinetic parameters for 5-fluorodeoxvcyti-

dine, 5-methyldeoxycytidine, and 5-bromo-
deoxycytidine were determined with these

nucleosides as substrates for murine deoxy-
cytidine kinase and as inhibitors of {5-3H]de-

oxycytidine phosphorylation (Table 4). All
three nucleosides were competitive inhibitors

of deoxycytidine phosphorylation (Fig. 3),
with K values of 3, 87, and 1600 pM, re-
spectively. The Km values for 5-methylde-
oxycytidine and 5-bromodeoxycytidine, 71
and 2100 pM, respectively, are in good agree-
ment with the K1 values determined for

these nucleosides. The Km for 5-fluorodeoxy-
cvtidine could not be determined because
high nucleoside concentrations, in large ex-

cess over the K� of 3 p�t, are required to

assay phosphorylation of unlabeled nucleo-

sides. The maximal velocities for phos-
phorylation of deoxycytidine and 5-fluoro-
deoxycytidine were equal, whereas those for

5-methvldeoxycytidine and 5-liromodeoxy-
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TABLE 4

Kinetic parameters for phosph orylation of

5-substituted deoxycytidine analogues by P388

deoxycytidine kinase

The Km and Vmax values for deoxycytidine and

the K1 values for 5-fluorodeoxycytidine, 5-methyl-
deoxycytidine, and 5-bromodeoxycytidine were

determined from Fig. 3. The � value for 5-

fluorodeoxycytidine was estimated from Table 3.

The Km and Vmx values for 5-methyldeoxycyti-

dine and 5-bromodeoxycytidine were determined

in reaction mixtures which contained 0.2 mM

thymidine ly-’2Pl5’-triphosphate (20 MCi/Mmole)

and 0.15 mg of dialyzed P3MM 105,000 X g super-

natant protein. The rate of nucleotide formation

was determined as described in Table 3. The con-

centrations of 5-methyldeoxycytidine were 25,

100, 200, and 500 MM. The concentrations of 5-

bromodeoxycytidine were 0.5, 1.0, 5.0, and 10.0

mM.

Nucleoside Km K1 Vmax

Deoxycytidine

5-Fluorodeoxy-
cytidine

5-Methyldeoxy-

cytidine
5-Bromodeoxy-

cyt idine

MM

11

71

2100

pM

3

87

1600

nmoles/Izr

1.7

1.8

0.7

1.1

Not determined.

cytidine were 60% and 40% lower, re-
spectively.

For comparison with the mouse enzyme,

kinetic parameters for the phosphorylation
of [5-3H]deoxycytidine and 5-bromo[6-3H]-

deoxycytidine were determined with human

deoxycytidine kinase in extracts of RPMI

4098 cells. Reaction rates were measured in
mixtures which contained 5.0 mnt thvmidine

5’-triphosphate and 1.0, 2.5, 5.0, 10, or 20
pM [5-3H}deoxycytidine or 20, 50, 100, or

250 pM 5-bromo[6-3Hjdeoxycytidine. Km and
Vn1ax values were determined front linear

Lineweaver-Burk plots. The apparent Km for
{5-3H]deoxycytidine was 2.0 pM, whereas the

apparent Km for 5-bromo[6-3H]deoxycytidine

was 400 pM. The V11� values, determined in
reaction mixtures which contained 0.15 mg

of protein, were 5.2 nmoies/hr for [5-3H]de-
oxycytidine and 3.3 nmoles/hr for 5-bromo-
{6-3H]deoxycytidine.

Ft G. 3. lob ibjt ion of 5-�J1 lileoxyctit idin a phos-

ph or p/at ton by 5-fl uorod eox ye yl idine, 5-,nel/z yl-

deoxyei,t u/ill C, and 5-broinooleoxtjcyl i(lill e

Reaction mixtures contained 0.2 m�t thymidine

5’-triphosphate and 0.15 mg of 105,00() X g super-

natant protein of P3MM cells in a volume of 0.1 nil.

The rate of nucleotide formation front Is_1ill

deoxycytidine was determined by the i)EAE disc

method after 30 miii of incubation at 37#{176}.Reaction

mixtures contained various concentrations (If

[5-’Hldeoxycytidine and either no inhibitor (�,
7.5 pM 5-fluorodeoxvcvtidine (0), 200 pM 5-methyl-

deoxycytidine (A), or 5.0 flIM 5-bromodeoxycyti-

dine (0). The specific activities of 5-#{176}Illdeoxy-

cytidine were: 5pM, 100 pCi ‘pmole; 10 psi, 50

pCi’pntole; 2(1 pM, 25 pCi pniole; So pti, 10 pCi

pmole; 100 j.LN1, 5 pCi pntole.

I)I5CUSSION

The apparent K0 values for the phospho-

rylation of 5-substituted deoxycytidine ana-
logues by mouse and human deoxycytidine

kinase varied more than 200-fold, depending

on the size of the 5-substitution. Since the

Vmax values of the deoxycytidine atialogues
varied less than 3-fold, it appears that 5-
substituted deoxvcytidine atialogues differ in

their affinity for binding to the enzyme.

5-Methyldeoxycytidine has a lower affinity

for the etizyme than does deoxycytidine,
and the affinity of deoxycytidine kinase for

5-halogenated deoxycytidine analogues is in-

versely related to the van der Waahs radius
of the halogen. The lower affinity of the

enzyme for 5-bromodeoxvevtidine compared

to 5-methvldeoxvcytidine (ould indicate an

effect of the electronegativity of the halogen,
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alt bough such an effect is not apparent in
the (ase of 5-fluorodeoxycytidine.

The restricted substrate specificity of de-
oxycytidine kinase can account for the lack
of significant incorporation of 5-bromode-
oxycytidine into DNA by the deoxycytidine

kinase-deoxycytidylate deaminase pathway
(1, 3). The finding that 5-fluorodeoxycyti-
ditie is a good substrate for deoxycytidine
kinase leads to the prediction that its con-
version to 5-fluorodeoxyuridylate could 0( -

cur b the sequential actions of deoxycyti-

dine kinase and deoxycytidylate deaminase.

In contrast to their resistance to 5-bromode-
oxycytidine, P815Y cells lacking thymidine
kinase retain their sensitivity to 5-fluorode-
oxycytidme (1), indicating that phosphoryl-

ation of the nucleoside by deoxycytidine
kina�se occurs to a significant extent in this
cell line. Inhibition of the catabolism of

5-fluorodeoxycytidine by tetrahydrouridine

increases the toxicity of 5-fluorodeoxycyti-

dine in mice (3), suggesting that 5-fluoro-
deoxycytidine is phosphorylated to a signifi-

cant extent in vivo by deoxycytidine kinase.
It has been observed that the deoxycyti-

dine kinase induced in cells infected with

herpes simplex virus catalyzes the phosplio-

rylation of 5-bromodeoxycytidine as readily
as deoxycytidine (14). This difference in sub-
strate specificity between the cellular and

virus-induced enzymes could l)e advanta-
geous for therapy of herpes virus infections
with 5-halogenat ed deoxycytidine analogues.
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