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SUMMARY

A number of 5-substituted derivatives of dCyd and 1-8-D-arabinofuranosylcytosine (araC)
have been evaluated for their inhibitory effects on the growth of three murine leukemia
cell lines (L1210/0, L1210/BdUrd, and L1210/araC). The L1210/BdUrd and L1210/araC
cell lines were selected from the parental L1210/0 cell line by their ability to grow at high
concentrations of 5-bromo-2’-deoxyuridine and araC, respectively; the L1210/BdUrd cell
line was deficient in dThd kinase activity, whereas the L1210/araC cell was deficient in
dCyd kinase activity. The most effective inhibitors of L1210/0 cell proliferation were 5-
fluoro-dCyd, araC, and 5-fluoro-araC. Their 50% inhibitory dose fell within the 0.001-0.015
pg/ml range. The 5-substituted araC analogues were much less inhibitory for L1210/araC
cells but equally inhibitory for L1210/BdUrd as for the parental L1210/0 cell line. The
role of dCyd kinase in the antitumor activity of the dCyd and araC analogues was further
assessed by kinetic studies with dCyd kinase extracted from L1210/0 cells. All dCyd and
araC analogues caused a competitive inhibition of dCyd kinase, the most potent inhibitor
being 5-fluoro-dCyd (Ki/K, value 0.24). The K, of dCyd kinase from L1210/0 cells for
dCyd was 23.1 pm as compared with 50 uM for araC. These values were increased to 53

and 182 um, respectively, for the dCyd kinase isolated from L1210/araC cells.

INTRODUCTION

The antitumor cell activity of 5-substituted 2'-deoxy-
uridines such as 5-fluoro-dUrd, 5-trifluoromethyl-dUrd,
5-ethynyl-dUrd, and 5-formyl-dUrd depends to a large
extent on phosphorylation by the dThd kinase (EC
2.7.1.21) of the tumor cells (1). Upon conversion to their
5’-monophosphate form these compounds would inter-
fere with dTMP synthetase, and their anti-tumor cell
activity would ultimately result from a shutoff of DNA
synthesis (2). In contrast to the dUrd derivatives, dCyd
analogues such as araC,' are phosphorylated by dCyd
kinase (EC 2.7.1.74), and resistance of tumor cell lines to
the growth-inhibiting effects of araC has been associated
with decreased levels of dCyd kinase (3, 4).

We have now evaluated the role of dCyd kinase in the
inhibitory effects of a variety of dCyd analogues, includ-
ing 5-fluoro-dCyd, 5-fluoro-araC, and several other 5-
substituted dCyd and araC derivatives, on the growth of
murine leukemia (L1210) cells.

The role of phosphorylation by ‘dCyd kinase in the
cytotoxic activity of these compounds was assessed by
(a) including among the tumor cell lines tested a dCyd
kinase-deficient mutant L1210 cell line [L1210/araC, se-

This investigation was supported by grants from the Belgian Fonds
voor Geneeskundig Wetenschappelijk Onderzoek (Krediet No.
30048.75) and the Geconcerteerde Onderzoeksacties (Conventie No.
76/81-1IV).

! The abbreviation used is: araC, 1-8-D-arabinofuranosylcytosine.

lected by its ability to grow in the presence of araC (1
pug/ml)], and (b) measuring the K; (apparent inhibitory
constant) of the test compounds for the isolated L1210
dCyd kinase.

MATERIALS AND METHODS

Cells Murine leukemia L1210 cells were grown in 75
cm? tissue culture flasks (Falcon 3024F; Becton, Dickin-
son France S.A., Grenoble, France) in Eagle’s minimal
essential medium, supplemented with 10% (v/v) inacti-
vated fetal calf serum (GIBCO Bio-Cult, Glasgow, Scot-
land) and 2 mm L-glutamine (Flow Laboratories, Irvine,
Scotland).

Compounds. Pyruvate kinase, phosphoenolpyruvate,
and ATP were obtained from Sigma Chemical Company
(St. Louis, Mo.). 2-Mercaptoethanol was obtained from
Fluka AG (Bucks, Switzerland).

The test compounds and their sources were as follows:
dCyd (Sigma Chemical Company), 5-fluoro-dCyd (cour-
tesy of H. J. Scholer and A. Polak, F. Hoffmann-La
Roche & Company, Basle, Switzerland), 5-chloro-dCyd
(Calbiochem-Behring Corporation, Lucerne, Switzer-
land), 5-bromo-dCyd (Sigma Chemical Company), 5-
iodo-dCyd (Serva Feinbiochemica, Heidelberg, Ger-
many), 5-methyl-dCyd (Calbiochem-Behring Corpora-
tion), 5-propyl-dCyd (see ref. 5), (E)-5-(2-bromovinyl)-
dCyd (see ref. 6), araC (Upjohn Company, Puurs, Bel-
gium), 5-fluoro-araC (courtesy of P. F. Torrence, Na-
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TABLE 1
Inhibitory activity of 5-substituted 2'-deoxycytidines and cytosine arabinosides on murine L1210 cell growth and DNA synthesis

Compound IDs, for cell growth upon addition of IDs for DNA zaynthesifi ::: g}onitored by incorpora-
As such dUrd dThd dCyd [methyl-’H]dThd [1',2-*H]dUrd [5-°H]dCyd
(125 pg/mh)* (5 ug/ml)* (500 pg/ml)”
pg/ml ug/ml

5-Fluoro-dCyd 0.001 0.023 =1000 0.065 >1000 0.0009 0.0008
5-Chloro-dCyd >1000 >1000 >1000 >1000 114.5 6.8 515
5-Methyl-dCyd >1000 >1000 >1000 >1000 102 29.2 100
(E)-5-(2-Bromovinyl)-dCyd 30° 127° 519° 129° >1000° 21° 27*
AraC 0.010 0.013 0.010 320 0.0361 0.0135 0.0816
5-Fluoro-araC 0.015 0.020 0.019 41.0 0.0447 0.0184 0.0657
5-Chloro-araC 2.4 38 4.6 >1000 41 6.1 7.8
5-Chloromercuri-araC 0.109 0.092 0.147 19.7 0.660 0.282 9.03
5-Propyl-araC >100 >100 >100 >100 >100 >100 >100
5-|sepropyl-araC >100 >100 >100 =100 =10 >100 =100

Mqumal capcentrations of dUrd, dThd, apd dCyd that were themselves not inhibitary ta L1210 cell grawth.

*Data taken from ref. 8.

tional Institutes of Health, Bethesda, Md.), 8-chlorg-araC
(courtesy qf B. F. Torrence), 8-chloromereurizaraC (Cal:
hmshenkﬂ xig Corporatisn), 8- Pmpyl araC (mm’t@s&'
Shugar. Polish Academy o pnem:ss, Warszawa,
9 ﬁn )z é 18 gmpyl aral (courtesy of D tgﬁn dUrd
alBigehem- shrmg Carporation), 8-fuare:
nsh Chemical Company, Milwaukee, Wisc.), éshlem-
dUrd (Gﬂl mr-h@m- ehring Corporation), 8-hrome-dUrd
qu hemical Ggmpfmy) ﬁ mdn -AUrd (Sigma Chem-
ieal Company), d Chemical Company), 5-
pr;apyl AU (see ref ?) ( 6(3 bromaviny))-dUrd (see

.. Badiachemicals. The radiolabeled nnclﬁgsxdes 1 2
HJdUm (sperifie mmgqsnmy 31 Ci/mmale),

dCvd (specific radioactivity 32 Cl/mmn e), and [5

araC (specific radioactivity 185 Ci/mmale) wste gh
tained from the Radiochemical Centre (Amersham, Eng:
land), whereas [methyl-"HJdThd (specific radisactivity
47 Ci/mmole) was abtaingd from the Institute of Radio-
Elements (IR, Fleurus, Belgium)-

Selection 9{ £1210/BdUrd and E1210/arg€ celis. The
parental L1310/0 cells were seeded into tissue culture
dishes (Falcon 3003F, Becton Dickinson France S:A.,
Grenoble, France) at a dsnsny of 3 X 10° cells/dish IR
the presence of 6 ml of growth medium sup}alsmsmsd
with 5-kramg-dUrd (28 ug/ml) or araC (10 ng
3 o 3 davs, the cells were distributed to tM@@ REW nssue
culture dishes, again in the presence of 6 ml of growth
medium plus 8-brome-dUrd (28 m;/ml) m araC (10 pg/
mb). The concentrations of 8-brome-dUrd and am@ wm
then gradually mf:rsased at each s@u Jaqssaae until t ey
reached 260 pg/ml for 5-breme-dUrd and 1 ug/ml
araC. We were able to select the BdUm resistant and
mG resistant snhlmes (d@slmtsd L1210/BdUrd and
210/mf3 respectively) after about 10-15 passages.
L1310/BdUrd and me/mc sn lines were
mamtamsd in normal growth medium under the condi-
tions used for the pareptal L1210/0 cells. No selective
ressure was required for stability of the mutant cell
ines. However, these cell lines were not cloned, and

Tapte 2

Inhibitory elfects of 3-substituted 2 -deoxycxtidines and cytosine arabinosides on the growth of £1210/0, £1210/Batid, and E1310/ gra€ celis

Campaund M s L12 (%I;q/ L_IZIQ/ 7

50 1.13 50 £13 3%
L1210/0° E1210/BdUrd” L1210/qr80" & {2/? mm g
we/mi

dCyd >1000 >1000 >1000 - —
:Flyare-dCyd 0.001 (+0.0006) 0017 (£0.008) 0023 (+0.0007) 1740 2340
&-Chlere-dCyd >1000 >1000 =>1000 = —
8-Brome-dCyd >1000° >1000 >1000 - -
§-lodo-dCyd >1000° >10m =1000 = —
a-Methyl-dCyd >1000 >1000 =1000 = —
8-Prapyl-dCyd >10M° >1000 =1000 = -
(E)s- (2 -Bromeviny)-4Cyd 300 (2467 478 (+0.66) 887 (£4.22) 0.16 1.86
AraC 0010 (0.003) 0012 (£0011) 473 (£0.36) 1.20 473
3-Flyoro-araC 0018 (+0.006) 0012 (£0.0013) 433 (£0.24) 080 282
§-Chlora-araC 24 (x1.10) 3.61 (0.29) >1000 1.50 >417
§-Chloramercuri-araC 0.109 (£0.093) 0.089 (+0.001) 37 (x10) 0.84 248

“ L1210/BdUrd apd L1210/apaC are mpring lewkemia L1210 eell lings selected from the parental L1210/0 cell line for their ability te grow in
the presence of a-hroma-dUrd (260 ug/ml) and araC (1 ug/mil. respectively.

ata taken from ref. 8.
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therefore may have consisted of different phenotypic
variants.

Inhibition of tumor cell growth. All assays were per-
formed in Linbro microplates. The cells were suspended
in growth medium and added to the microplate wells at
a density of 5 X 10* cells/well in the presence of varying
concentrations of the test compounds. The cells were
then allowed to proliferate for 42-48 hr at 37° in a
humidified, CO.-controlled atmosphere. At the end of
the incubation period, the cells were counted in a Coulter
counter (Coulter Electronics Ltd., Harpenden Herts,
England). The IDs, (50% inhibitory dose) was defined as
the concentration of compound that reduced the number
of living cells by 50%.

Inhibition of [methyl-*H]dThd, [1',2-*H]dUrd, and
[5-*H]dCyd incorporation into cellular DNA. The in-
corporation of [methyl-*H]dThd, [1’,2’-*H]dUrd, and [5-
SH]dCyd into cellular DNA was measured in Linbro
microplates (Model FB-48-TC, Linbro Chemical Com-
pany, New Haven, Conn.). To each well were added 10°
L1210 cells and either 5.31 pmoles (0.25 uCi) of [methyl-
*H]dThd or 8.06 pmoles (0.25 uCi) of [1’,2’-*H]dUrd or
11.3 pmoles (0.25 uCi) of [5-°H]dCyd. The cells were
allowed to proliferate for 20 hr at 37° in a humidified,

100

(methyl-3H] dThd kinase activity [Eiig

(5-3H] dCyd kinase activity NN

[ methyl-3+] dThd incorporation into cet ONA [
[5-3H ) dCyd incorporation into cell DNA NN

L20/BdUrd 11210/araC

F16. 1. dThd kinase and dCyd kinase activity in cell-free extracts
and dThd and dCyd incorporation into DNA of L1210/0 cells, L1210/
BdUrd cells, and L1210/araC cells

TABLE 3

Inhibitory effects of 5-substituted 2’ -deoxyuridines on the growth of
L1210/0 and L1210/araC cells

Compound 1D IDs L1210/araC+
IDs L1210/0
L1210/0" L1210/araC*
ug/ml

dUrd 330 (£20.0) >1000 >3.03
5-Fluoro-dUrd 0.001 (+0.001)* 0.002 (0.0004) 2
5-Chloro-dUrd 23.9 (+6.06) 280 (+70.0) 11.72
5-Bromo-dUrd 26.0 (4.7)" 333 (£28.9) 12.81
5-lodo-dUrd 138 (x10) 178.4 (x0.50) 1.29
5-Methyl-dUrd 12.5 (£3.5) >1000 >80

(dThd)
5-Propyl-dUrd >1000* >1000 -
(E)-5-(2-Bromo-

vinyl)-dUrd 26.9 (+1.9)* 25.7 (£2.90) 0.96

“L1210/araC is a murine leukemia L1210 cell line selected from the parental
L1210/0 cell line for its ability to grow in the presence of araC (1 ug/ml).
* Data taken from ref. 9.

COs-controlled atmosphere. At the end of this incubation
period, the contents of the wells (200 ul) were brought
onto 25-mm glass-fiber filters (Type A/E, Gelman Instru-
ment Company, Ann Arbor, Mich.), mounted on a Mil-
lipore 3025 sampling manifold apparatus. The filters were
washed twice with cold phosphate-buffered saline, twice
with cold 10% trichloroacetic acid, twice with cold 5%
trichloroacetic acid, once with cold ethanol, and once
with cold ether. The filters were then allowed to dry for
10 min at 60° and assayed for radioactivity in a toluene-
based scintillant.

dCyd and dThd kinase assays. The cell pellets were
washed twice with cold 0.9% NaCl/0.01 M Tris-HCl buffer
(pH 8.0) and once with cold 0.05 M Tris-HCl (pH 8.0)
containing 0.02 M B-mercaptoethanol. The cells were
then suspended in the latter buffer at a density of 10°
cells/ml, sonicated twice for 10 sec, cleared by centrifu-
gation at 100,000 X g for 45 min, and stored in aliquots at
=70°.

The cell extracts were assayed for dCyd or dThd kinase
activity in a standard reaction mixture containing 5 mm

TABLE 4

Inhibition of L1210/0 dCyd kinase by 5-substituted 2'-deoxycytidines
and cytosine arabinosides

Compound K/Kn»"
5-Fluoro-dCyd 0.24
5-Chloro-dCyd 7.31
5-Bromo-dCyd 45.5
5-Iodo-dCyd 46.9
5-Methyl-dCyd 16.5
(E)-5-(2-Bromovinyl)-dCyd >20.0"
5-Propyl-dCyd >>39.8°
AraC 44.8
5-Fluoro-araC 7.98
5-Chloro-araC >50°
5-Chloromercuri-araC 107
dCMP 0.65

“ K» values for the individual experiments ranged from 18.7 uM to
30.3 uM. The average K, value was 23.1 £ 2.6 uM. The inhibition was
competitive with respect to dCyd for all dCyd and araC analogues
tested.

® These K./K = values correspond to the ratio of the highest concen-
tration tested to the K. value for the individual experiment.
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ATP, 5 mm MgCl;-6H;0, 9 mm KF, 5 mm phosphoenol-
pyruvate, 5 ug of pyruvate kinase, 10 mM S-mercaptoeth-
anol, 0.2 mM (0.1 uCi) [5-°’H]dCyd or [methyl-*H]dThd
in the absence or presence of varying amounts of inhibi-
tor (as indicated in the legends to the figures), and 10 ul
of cell extract in a total volume of 40 pl of Tris-HCI 0.05
M (pH 8.0). The reaction mixture was incubated at 37°
for 15 min and the reaction was terminated by the
addition of 75 pl of ice-cold 0.05 M Tris-HCI buffer (pH
8.0). After boiling for 2 min, the mixture was applied onto
DES1 discs and washed with 1 mm NH,OOCH (pH 8.2),
ethanol, and ether. The filters were then assayed for
radioactivity in a toluene-based scintillant.

RESULTS AND DISCUSSION

Inhibitory effects of 5-substituted dCyd and araC de-
rivatives on L1210 cell growth and DNA synthesis. From
a series of 5-substituted dCyd and araC derivatives that
were examined for their inhibitory effects on L1210 cell
proliferation, 5-fluoro-dCyd emerged as the most potent
inhibitor (Table 1). Its IDs, was 1 ng/ml. The same IDs,
was noted previously for 5-fluoro-dUrd (9). Of the other
2’-deoxycytidines, only (E)-5-(2-bromovinyl)-dCyd
showed some inhibitory activity against L1210 cell

growth. Several other dCyd analogues (i.e., 5-bromo-
dCyd, 5-iodo-dCyd, and 5-propyl-dCyd) were inactive
against L1210 cell proliferation, even if assayed at a
concentration as high as 1000 pg/ml (8). For (E)-5-(2-
bromovinyl)-dCyd, the IDs, was also similar to that pre-
viously noted for its dUrd counterpart (9). With IDs
values of 10 ng/ml and 15 ng/ml, araC and 5-fluoro-araC
were the most potent inhibitors among the araC class.
Other araC derivatives, i.e., 5-propyl-araC and 5-isopro-
pyl-araC, failed to inhibit L1210 cell growth, even at 100
ug/ml, the highest concentration tested (Table 1).

The inhibitory effect of 5-fluoro-dCyd on tumor cell
growth was completely reversed by dThd but not by
dUrd or dCyd. Furthermore, 5-fluoro-dCyd strongly in-
hibited the incorporation of dUrd and dCyd into DNA
but did not inhibit the incorporation of dThd (Table 1).
It has been postulated previously (9) that dUrd deriva-
tives, which are far more inhibitory for dUrd than for
dThd incorporation and whose tumor cell-inhibiting ef-
fects are more readily reversed by dThd than by dUrd,
owe their antitumor activity to a selective inhibition of
dTMP synthetase. According to the results obtained in
Table 1, this premise also holds for 5-fluoro-dCyd, and,
to a lesser extent, (E)-5-(2-bromovinyl)-dCyd. To act as

v

B
Q
Y —
k-]
£ D
[
»
£
£
3 400 |
300}
200} 2 -
100} |
L A1 L 1 ye y L A y i
0510 20 40 800510 20 40 80
1 (mM)
[dCyd]

F16. 2. Double-reciprocal plots for inhibition of L1210/0 dCyd kinase by 5-fluoro-dCyd (A), 5-chloro-dCyd (B), 5-bromo-dCyd (C), and 5-

iodo-dCyd (D)

Inhibitor concentrations: none (@), 50 uM (O), 100 um (0J), and 200 uM (A) for 5-fluoro-dCyd; none (@), 200 um (O), 500 um ([J), and 1000 um
(8) for 5-chloro-dCyd; none (@), 200 uM (O), 500 uM (0J), and 1000 M (A) for 5-bromo-dCyd; none (@), 200 uM (O), 500 um (), and 1000 uM (A)

for 5-iodo-dCyd.
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F1G. 3. Double-reciprocal plots for inhibition of L1210/0 dCyd kinase by 5-methyl-dCyd (A), 5-propyl-dCyd (B), (E)-5-(2-bromovinyl)-dCyd

(C), and dCMP (D)

Inhibitor concentrations: none (@), 200 uM (O), 500 uM (), and 1000 uM (A) for 5-methyl-dCyd; none (@), 500 uM ([J), and 1000 uM (A) for 5-
propyl-dCyd; none (@), 100 um (O), 200 um (OJ), and 400 uM (A) for ( E)-5-(2-bromovinyl)-dCyd; none (@), 25 uM (V), 50 um (O), 100 um (O)), and

200 uM (A) for dCMP.

inhibitors of dTMP synthetase, these dCyd derivatives
should first be deaminated either at the nucleoside or
nucleoside 5’-monophosphate level.

Unlike 5-fluoro-dCyd and (E)-5-(2-bromovinyl)-dCyd,
which inhibited the incorporation of dUrd and dCyd to
the same extent, several other dCyd derivatives, in par-
ticular 5-bromo-dCyd and 5-iodo-dCyd, proved much
more inhibitory for dUrd than for dCyd incorporation.
Possible reasons for the anomalous behavior of 5-bromo-
dCyd and 5-iodo-dCyd have been discussed previously
(8).

The inhibitory effects of the 5-substituted araC deriv-
atives on L1210 cell growth could, to a significant degree,
be overcome by dCyd but not by dUrd or dThd. Such a
result might be expected if the araC derivatives competed
with dCyd for phosphorylation by dCyd kinase, and, as
shown below, this assumption proved to be correct.

Inhibitory effects of 5-substituted dCyd and araC de-
rivatives on the growth of L1210/araC and L1210/
BdUrd cells. The 5-substituted dCyd and araC deriva-
tives showed marked differences in their inhibitory ef-
fects on L1210/0 and L1210/araC cells (Table 2). For all
5-substituted dCyd and araC derivatives that showed
IDso values below 1000 pug/ml, except for (E)-5-(2-bro-

movinyl)-dCyd, the IDs, for L1210/araC cells was sig-
nificantly higher than the IDs, for the parent L1210/0
cells. For 5-fluoro-dCyd the difference in IDs, for the
mutant and the parental cell line was 25-fold, whereas
the IDso of (E)-5-(2-bromovinyl)-dCyd for the mutant
cell line was only 1.86 times higher than the IDs, for the
parental cell line. For araC, 5-fluoro-araC, 5-chloro-araC,
and 5-chloromercuri-araC, the ratio of IDs for L1210/0
cells to IDso for L1210/araC cells was between 250 and
500 (Table 2).

It was unequivocally proven that L1210/araC cells
were deficient in dCyd kinase activity first (a) by meas-
uring the incorporation of [5-°H]dCyd into cellular DNA,
and second (b) by determining the dCyd kinase activity
in cell-free extracts (Fig. 1). For L1210/araC cells, [5-°H]
dCyd incorporation into DNA was decreased to 4.5% of
the value obtained for L1210/0 cells (14.96 + 3.14 pg/10°
cells/hr). Concomitantly, the dCyd kinase activity meas-
ured in extracts from L1210/araC cells decreased to 16.2%
of the value obtained for L1210/0 cell extracts (16.8 +
1.71 nmoles/mg of protein per hour) (Fig. 1).

The dCyd and araC derivatives have also been evalu-
ated against another L1210 mutant cell line (L1210/
BdUrd) that was previously shown to be deficient in
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dThd kinase activity (1). All araC derivatives inhibited
the growth of L1210/BdUrd cells at IDs, values that were
comparable with the IDs, values required for inhibition
of L1210/0 cell growth. However, 5-fluoro-dCyd showed
a 17-fold higher IDs, for L1210/BdUrd than for L1210/0
cells (Table 2). (E)-5-(2-Bromovinyl)-dCyd showed a 6-
fold higher IDs, for L1210/0 cells than for L1210/BdUrd
cells. Similarly, (E)-5-(2-bromovinyl)-dUrd was about 20
times more inhibitory for L1210/BdUrd than for L1210/
0 cells (1).

The decreased inhibitory effect of 5-fluoro-dCyd on
L1210/BdUrd cell growth suggests that, for its activation,
5-fluoro-dCyd partially depends on the dThd kinase ac-
tivity of the cell, which, in turn, implies that 5-fluoro-
dCyd is deaminated to 5-fluoro-dUrd after it has been
taken up by the cells.

When the dUrd counterparts of the 5-substituted dCyd
analogues listed in Table 2 were examined for their
inhibitory effects on L1210/araC cell growth, we expected
them to be equally inhibitory for L1210/araC as for
L1210/0 cells. This proved to be the case for several dUrd
derivatives [i.e., 5-fluoro-dUrd, 5-iodo-dUrd, and (E)-5-
(2-bromovinyl)-dUrd (Table 3)] and for several other
dUrd derivatives (i.e., 5-trifluoromethyl-dUrd, 5-nitro-

dUrd, 5-formyl-dUrd, 5-ethynyl-dUrd, 5-azidomethyl-
dUrd,...) (data not shown). However, dUrd, dThd, 5-
chloro-dUrd, and 5-bromo-dUrd exhibited considerably
higher IDs, values for L1210/araC than for L1210/0 cells
(Table 3). It is not immediately clear why these dUrd
derivatives should be less effective against the L1210/
araC cell line. Possibly dUrd, dThd, 5-chloro-dUrd, and
5-bromo-dUrd might be recognized as substrates by the
cellular dCyd kinase. This possibility could be ruled out,
however, since the K; values of dCyd kinase for the 5-
substituted dUrd analogues were invariably higher than
1 mm (data not shown). A second possibility is that the
L1210/araC cell dThd kinase had been altered in its
substrate specificity for dUrd, dThd, 5-chloro-dUrd, and
5-bromo-dUrd. However, there was no difference in the
K., for dThd of the dThd kinase from L1210/araC cells
and the dThd kinase from L1210/0 cells. Moreover, 5-
bromo-dUrd, which proved more than 10 times less in-
hibitory for L1210/araC cells than for L1210/0 cells,
showed an identical K,/ K}, value with both dThd kinases.
These findings argue against an alteration of the sub-
strate specificity of the L1210/araC cell dThd kinase. As
a third possibility we may envisage the reduction in dThd
kinase activity noted for the L1210/araC cell line (Fig.
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Fi1G. 4. Double-reciprocal plots for inhibition of L1210/0 dCyd kinase by araC (A), 5-fluoro-araC (B), 5-chloro-araC (C), and 5-chloromercuri-

araC (D)

Inhibitor concentrations: none (@), 200 um (O), 500 um (O), and 1000 uM (A) for araC; none (@), 200 um (O), 500 um ([J), and 1000 uM (A) for
5-fluoro-araC; none (@), 200 um (O), 500 um (O), and 1000 uM (A) for 5-chloro-araC; none (@), 200 um (O), 500 um (), and 1000 um (A) for 5-

chloromercuri-araC.
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1). However, this reduction was only 50%, and it is
difficult to conceive why this diminished dThd kinase
activity would affect only the anti-tumor cell activity of
dThd, dUrd, 5-chloro-dUrd and 5-bromo-dUrd, and not
of the other dUrd analogues [5-iodo-dUrd, 5-fluoro-dUrd
and (E)-5-(2-bromovinyl)-dUrd].

Inhibition of L1210 dCyd kinase by 5-substituted dCyd
and araC derivatives. The K;/K,, values of L1210/0
dCyd kinase for the 5-substituted dCyd and araC deriv-
atives are presented in Table 4. The K,, value of the
enzyme for dCyd was 23.1 + 2.6 uM. The most potent
inhibitor of dCyd kinase was 5-fluoro-dCyd (K./K. =
0.24). 5-Chloro-dCyd and 5-fluoro-araC were about 30
times less inhibitory. Whereas 5-methyl-dCyd showed a
K./K,, value of 16.5, 5-bromo-dCyd, 5-iodo-dCyd, and
araC showed a relatively low affinity for the enzyme (K,/
K, = 45). 5-Propyl-dCyd, (E)-5-(2-bromovinyl)-dCyd,
and 5-chloro-araC did not show any affinity for dCyd
kinase, even if tested at a concentration as high as 1 mm).
In contrast, dCMP exerted product inhibition with a K,/
K., value of 0.65. For all dCyd and araC analogues that
were inhibitory to dCyd kinase, the type of inhibition
appeared to be competitive with respect to dCyd, as
attested by Lineweaver-Burk plots (Figs. 2, 3, and 4).

The decreased inhibitory activity of 5-fluoro-dCyd and
the 5-substituted araC derivatives toward L1210/araC
cell growth may be ascribed not only to a decreased
activity of dCyd kinase, but also to an alteration in the
kinetic properties of the enzyme. Indeed, when the sub-
strate specificities of [5-°’H]dCyd and [5-°H]araC were
measured for the L1210/0 and L1210/araC dCyd kinase,
some differences were noted between the K, values of
these enzymes. The K, values of L1210/0 dCyd kinase
for dCyd and araC were 24 and 50 uM, respectively. The
corresponding K., values for the L1210/araC dCyd kinase
were 53 and 182 uM. Thus, the K, values of the dCyd
kinase from the araC-resistant L1210 cell line were about
3 times higher than those of the parental dCyd kinase. A
similar observation has been made for an araC-resistant
fibrosarcoma cell line (10). The dCyd kinase from L1210/
BdUrd cells showed K, values for dCyd and araC that
were quite similar to the K, values of the dCyd kinase
from L1210/0 cells (data not shown). The K,, value that
we found for araC (50 um) with the dCyd kinase from
L1210/0 cells corresponded well with the K, values found
by Meyers and Kreis (11) for murine neoplasm P815 cells
(30.2 uMm), by Schrecker (3) for murine leukemia L1210
cells (25 um), and by Lee et al. (10) for murine leukemia
L51784 cells and hamster fibrosarcoma A(T,)C1-3 cells
(40 puMm).

CONCLUSION

In general, 5-substituted dCyd derivatives (i.e., 5-
chloro-dCyd, 5-bromo-dCyd, 5-iodo-dCyd, 5-nitro-dCyd,
and 5-ethynyl-dCyd) are less cytotoxic to L1210 cells
than the corresponding 5-substituted dUrd derivatives
(8, 9). Two exceptions to this rule are 5-fluoro-dCyd and
(E)-5-(2-bromovinyl)-dCyd, which proved as active

against L1210 cell growth as their dUrd counterparts.
The cytotoxicity of the latter two dCyd analogues may
at least partially be attributed to an inhibitory activity
at the thymidylate synthetase reaction. To achieve this
inhibitory effect, the dCyd analogues probably must first
be deaminated either at the nucleoside or at the nucleo-
tide level.

5-Fluoro-dCyd and 5-substituted araC derivatives (i.e.,
5-fluoro-araC, 5-chloro-araC, and 5-chloromercuri-araC)
are highly dependent on phosphorylation by the cellular
dCyd kinase for their inhibitory activity on L1210 cell
growth: (a) they are considerably less active against a
mutant, dCyd kinase-deficient, L1210/araC cell line that
has been selected from the parent L1210/0 cell line for
its ability to grow in the presence of high concentrations
of araC, and (b) they show a marked inhibitory effect on
dCyd kinase isolated from L1210/0 cells; this inhibition
is competitive with respect to the natural substrate,
dCyd.

ACKNOWLEDGMENTS

We thank Lizette Van Berckelaer and Miette Stuyck for their
excellent technical assistance, and Christiane Callebaut for her fine
editorial help.

REFERENCES

1. Balzarini, J., E. De Clercq, P. F. Torrence, M. P. Mertes, J. S. Park, C. L.
Schmidt, D. Shugar, P. J. Barr, A. S. Jones, G. Verhelst, and R. T. Walker.
Role of thymidine kinase in the inhibitory activity of 5-substituted 2’-deoxy-
uridines on the growth of human and murine tumor cell lines. Biochem.
Pharmacol. 31:1089-1095 (1982).

2. Balzarini, J., E. De Clercq, M. P. Mertes, D. Shugar, and P. F. Torrence. 5-
Substituted 2’-deoxyuridines: correlation between inhibition of tumor cell
growth and inhibition of thymidine kinase and thymidylate synthetase.
Biochem. Pharmacol., in press (1982).

3. Schrecker, A. W. Metabolism of 1-8-p-arabinofuranosylcytosine in leukemia
L1210: nucleoside and nucleotide kinases in cell-free extracts. Cancer Res.

30:632-641 (1970).

4. Tattersall, M. H. N., K. Saneshaguru, and A. V. Hoffbrand. Mechanisms of
resistance of human acute leukemia cells to cytosine arabinoside. Br. J.
Haematol. 27:39-46 (1974).

5. Ruth, J. L., and D. E. Bergstrom. C-5 Substituted pyrimidine nucleosides. I.
Synthesis of C-5 allyl, propyl, and propenyl uracil and cytosine nucleosides
via organopalladium intermediates. J. Org. Chem. 43:2870-2876 (1978).

6. Jones, A. S., G. Verhelst, and R. T. Walker. The synthesis of the potent anti-
herpes virus agent, (E)-5-(2-bromovinyl)-2’-deoxyuridine and related com-
pounds. Tetrahedron Lett. 45:4415-4418 (1979).

7. De Clercq, E., J. D ps, and D. Shugar. 5-Propyl-2’-deoxyuridine: a
specific anti-herpes agent. Antimicrob. Agents Chemother. 13:545-547 (1978).

8. De Clercq, E., J. Balzarini, J. Descamps, G.-F. Huang, P. F. Torrence, D. E.
Bergstrom, A. S. Jones, P. Serafinowski, G. Verhelst, and R. T. Walker.
Antiviral, antimetabolic, and cytotoxic activities of 5-substituted 2’-deoxycy-
tidines. Mol. Pharmacol. 21:217-223 (1982).

9. De Clercq, E., J. Balzarini, P. F. Torrence, M. P. Mertes, C. L. Schmidt, D.
Shugar, P. J. Barr, A. S. Jones, G. Verhelst, and R. T. Walker. Thymidylate
synthetase as target enzyme for the inhibitory activity of 5-substituted 2'-
deoxyuridines on mouse leukemia L1210 cell growth. Mol. Pharmacol.
19:321-330 (1981).

10. Lee, T., M. Karon, and R. L. Momparler. Cellular phosphorylation of 1-8-p-
arabinofuranosylcytosine and S5-azacytidine with intact fibrosarcoma and
leukemic cells. Cancer Res. 38:2506-2510 (1975).

11. Meyers, M. B,, and W. Kreis. Comparison of enzymatic activities of two
deoxycytidine kinases purified from cells sensitive (P815) or resistant (P815/
ara-C) to 1-B-p-arabinofuranosylcytosine. Cancer Res. 38:1105-1112 (1978).

Send reprint requests to: Dr. Erik De Clercq, Rega Institute for
Medical Research, Katholieke Universiteit Leuven, B-3000 Leuven,
Belgium.

ZT0Z ‘9 1aquiadaq Uo oJlduer ap 0y Op OPeIST 0p apepisianiun Te Bio sjeuinofiadse: wreydiow wouy papeojumod


http://molpharm.aspetjournals.org/



