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Abstract—A rapid and convenient tritium release assay for measuring thymidylate (dTMP) synthase
activity and its inhibition within intact mammalian cells is described in detail. Short-term incubation of
murine leukemia L1210 cells with an appropriately labeled substrate precursor, ¢ither deoxyuridine ([5-
SH]dUrd) or deoxycytidine ([S-*H]dCyd), allowed for: (1) uptake and intracellular conversion to the
substrate deoxyuridylate ([S-H]dUMP); and (2) the obligatory displacement of tritium from [5-*H]-
dUMP during the dTMP synthase catalyzed reaction. Tritium released into the aqueous environment
was quantitated after a quick one-step separation of tritated H,O from other radiolabeled materials and
cell debris. The amount of tritium released was evaluated as a function of a number of variables,
including the concentration of labeled substrate precursors, cell number, and incubation time. Tritium
from [5-*H]dCyd was released significantly faster than from [5-°’H]dUrd under a variety of conditions.
Both 5-fluorodeoxyuridine (1 uM) and methotrexate (10 uM), which effectively block intracellular
dTMP synthesis, completely inhibited the release of tritium from either [5-°H]dCyd or [5-*H]dUrd
demonstrating that the release of tritium is mediated exclusively by the dTMP synthase catalyzed
reaction. In addition, there was a good correlation between tritium release, cellular uptake, and
incorporation of [2-*C]dUrd into DNA. The inhibitory effects of antifolates such as methotrexate were
independent of the type of labeled precursor used. In contrast, preferential interference with the release
of tritium from [5-*H]-dCyd by dCyd derivatives and from [5-°H]dUrd by dUrd derivatives was observed,
suggesting that competition for uptake and/or phosphorylation may contribute to the overall effects of
certain nucleoside analogues on cellular dTMP synthase activity measured using the tritium release
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assay.

Inhibition of DN A-thymine biosynthesis significantly
contributes to the cytotoxicity of many clinically
useful antimetabolites, e.g. 5-fluoropyrimidines and
antifolates, and involves interference with the
activity of thymidylate ({TMP) synthase (5,10-meth-
ylenetetrahydrofolate: dUMP C-methyltransferase,
EC 2.1.1.45), the key enzyme of this biosynthetic
pathway. Measurement of these drug effects at the
cellular level most frequently relies on incorporation
of radiolabeled nucleosides into DNA. For example,
the incorporation of dUrd| alone [1,2] or in com-
parison with dThd incorporation [3,4] has often
been utilized, as well as the so-called dUrd sup-
pression test [5-8] which measures the degree of
inhibition of radiolabeled dThd incorporation by
large concentrations of exogenously added dUrd.
These assay systems measure dTMP synthase activity
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indirectly and may be misleading since macro-
molecular synthesis is required to observe effects at
a previous enzymatic step. In addition, exogenous
dUrd may compete with radiolabeled dThd for phos-
phorylation by dThd kinase [9]. Furthermore, it was
reported [10] that blockade of dTMP biosynthesis is
accompanied by enhanced dUrd/dThd catabolism -
via dThd phosphorylase which may also affect accu-
rate measurement of dTMP synthase activity using
incorporation techniques.

A more direct assay of dTMP synthase is based on
the release of tritium from the specifically labeled
substrate, [5-*H]dUMP, during the enzyme catalyzed
reaction. This tritium release assay [11-16] was
described originally by Lomax and Greenberg
[12, 13] and Roberts [11] and has been further devel-
oped for use in bacterial cells [17]. We have reported
previously [18-23] the successful adaptation of this
tritium release assay for the measurement of dTMP
synthase activity in intact mammalian cells (see Fig.
1). This intact cell assay permits a direct and rapid
assessment of enzyme activity and its inhibition by
cytotoxic agents, with the added advantage over cell-
free enzyme systems that there is a preservation of
the integrity of the cell-membrane, multi-enzyme
complexes, and the network of metabolic pathways
and their control within the cell. In this report we
describe in detail the various conditions for the
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Fig. 1. Biochemical events involved in the intact cell tritium release assay. (1) Cellular uptake of

the radiolabeled nucleosides. [5-’H]dUrd or [5-*H]dCyd. (2) Intracellular phosphorylation to the

corresponding 5’-monophosphates. (3) Displacement of tritium from [5-"H]dUMP during the dTMP

synthase catalyzed reaction. The displaced tritium is released into the aqueous milieu and can be counted

as tritiated water (*H,O). When [5-°H]dCyd is used, the deamination (4) of [5-*H]dCMP is also required
for {[S-*H]dUMP formation.

measurement of dTMP synthase activity and its inhi-
bition in intact murine leukemia L1210 cells.

MATERIALS AND METHODS

[5-*H]dUrd (sp. act. 10-15 Ci/mmole) was pur-
chased from ICN (Irvine, CA); [5-*H]dCyd (5 Ci/
mmole) and [2-'*C]dUrd (51 mCi/mmole) were from
Schwarz-Mann (Orangeburg, NY). [5-*H]dUrd and
[5-*H]dCyd were routinely purified in 1 mCi batches
by preparative TLC on Eastman Quanta-Gram cellu-
lose plates (PQ2) using the solvent mixture n-buta-
nol-acetic acid-water (5:2:3, by vol.). Aliquots of
the radiolabeled material (3-6 nmoles) were added
to vials, dried and stored in a dessicator under vac-
uum at 4°. Immediately before use, the purified [5-
*H]dUrd and [5-*H]dCyd were adjusted to 1075 M
with aqueous solutions of unlabeled dUrd and dCyd
respectively. 5-Fluoro-2’-deoxyuridine was obtained
from Hoffmann-LaRoche (Nutley, NJ). Metho-
trexate was piovided by the Developmental Thera-
peutics Program, Division of Cancer Treatment,
National Cancer Institute. Samples of 5-ethynyl-
dUrd were gifts from Drs. M. Bobek and M. J.
Robins. The nucleoside analogue 5-NH,-dCyd was
synthesized by Dr. David Goldman as described in
Ref. 24. All remaining chemicals were of the highest
purity available and obtained from the Sigma Chemi-
cal Co. (St. Louis, MO) unless otherwise stated.

Cellular techniques and enzyme assays. Mouse leu-
kemia L1210 cells were grown in the peritoneum
of 6- to 8-week-old DBA/2HA mice (West Seneca
Laboratories, West Seneca, NY). Cells were har-
vested 5-7 days after inoculation of 10° cells/mouse.
Five milliliters of a hypotonic sodium phosphate
buffer (0.002 M, pH = 7.6, containing 0.01 M NaCl)

was added to disrupt red blood cells, and 10 ml of
Eagle’s liquid BME medium minus folate (Gibco,
Grand Island, NY) was then added. Cells were sep-
arated by centrifugation (121 g for 5 min), washed
with ice-cold fresh medium and resuspended in
Eagle’s medium to a final concentration of
2.5 x 107 cells/ml.

For the measurement of tritium release, 200-ul
aliquots of the above cell suspension were placed in
tubes and incubated at 37° using a shaking water
bath. The reaction was started by the addition of [5-
3H]dUrd or [5-3H]dCyd (1 uM, in a total volume of
250 yl) after a 40-min preincubation period in the
presence or absence of drugs and allowed to proceed
for an additional 15 min, unless stated otherwise.
The reaction was terminated by transferring 100-ul
aliquots into 0.5-ml centrifuge tubes containing
100 ul of a 15% activated charcoal suspension in 4%
aqueous perchloric acid. The tubes were vigorously
stirred by vortexing and then centrifuged for 2 min
in a Beckman Microfuge. The radioactivity of a 100-
ul aliquot of supernatant fraction from each tube was
counted in a Packard Tri-Carb (model 2450 or 3255)
liquid scintillation spectrometer using a toluene-
based scintillation mixture. The release of tritium
was expressed as a percentage of the total amount
of radioactivity added. Blank tubes containing only
Eagle’s medium were included in the experiments
and generally gave background counts of less than
1% of the total radioactivity (50,000-200,000 cpm)
added. All values obtained were corrected for back-
ground counts. Is; values determined from dose-
response curves represent the concentrations of
inhibitors required for 50% inhibition of the release
of tritium. All experiments were repeated at least
twice on separate days; experimental data are
reported as average values of the results of two to
five independent determinations.
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For the determination of the cellular uptake of [2-
14C]dUrd, 200-u! aliquots of cell suspension were
placed on glass fiber filters (Reeve Angel) and
washed repeatedly (5% ) with 600 gl of ice-cold buffer
(0.08 M potassium phosphate containing 0.9% NaCl,
pH 7.45). The filters were dried and processed for
the measurement of radioactivity (see below).

Incorporation [2-1*C]dUrd into DNA was assessed
by measuring the radioactivity in TCA precipitable
material. After incubation at 37°, 100-ul aliquots of
cell suspension were placed on glass fiber filters
impregnated with ice-cold 10% TCA containing
0.1M sodium pyrophosphate. The filters were
washed twice with 5ml of the above TCA solution
and allowed to dry in 20-ml glass scintillation vials.
A solution (200 ul) of 1 mg/ml DNAse I (bovine
pancreas, Sigma) in 50 mM Tris buffer, pH 7.6, con-
taining 3 mM MgCl, was then added to each filter,
and the vials were incubated at 37° overnight fol-
lowed by measurement of radioactivity.

For the simultaneous measurement of nucleoside
uptake or incorporation and tritium release, a mix-
ture of [2-1*C]dUrd (10 mCi/mmole) and [5-*H]dUrd
(75 mCi/mmole) was used at a final concentration of
1-5 uM. Incubation with L1210 cells with radio-
labeled dUrd was followed by taking duplicate
samples at a number of time points and processing
cell suspensions separately for the determination of
tritium release and for the measurement of radio-
activity associated with whole cells or TCA pre-
cipitates. Channel settings were optimized for car-
bon-14 and tritium dual-label counting, using a
refrigerated Packard Tri-Carb liquid scintillation
spectrometer (model 2450 or 3255).

Nucleoside kinase assaysin L1210 cell free extracts
were performed using a modification [25] of the
method of Ives et al. [26].

RESULTS

Figures 2 and 3 show the time dependence of the
release of tritium when suspensions of L.1210 cells
harvested 5, 6, or 7 days post-inoculation were incu-
bated with [5-*H]dUrd or [S-*H}dCyd. Using [5-*H]
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Fig. 2. Time dependence of the release of tritium from [5-

3H]dUrd by L1210 cells. Cells, harvested 5 (O), 6 (@), or

7 () days after inoculation into mice, were incubated with

the radiolabeled nucleosides at 37° for the indicated periods

of time. The amount of tritium released was measured as
described in Materials and Methods.
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Fig. 3. Time dependence of the release of tritium from [5-
SH]dCyd by L1210 cells. The experimental conditions were
identical to those described in the legend to Fig. 2.

dUrd, there was a brief lag period (ca. 5 min) fol-
lowed by a linear rate of release of tritium which
continued for at least 30 min. The initial rate was
highest for 5-day and lowest for 7-day harvest of
cells. The release of tritium from [5-°H]dCyd was
initially faster than from [5-*H]dUrd, but levelled off
carlier and at a lower value.

The plots in Fig. 4 show that the release of tritium
was proportional to the cell number using both radio-
labeled precursors. Using 5 x 10% cells per tube
(standard assay conditions), there was about a 4-fold
greater release of tritium from [5-3H]dCyd than from
[5-’H]dUrd. Likewise, using crude extracts of L1210
cells, we found that the phosphorylation of [5-*H]-
dC_Jyd was greater (10-fold) than the conversion of
[5-°H]dUrd to [5-*H]dUMP (data not shown).

The dependence of the release of tritium on the
extracellular concentration of radiolabeled precursor
is illustrated in Fig. 5. The linearity of the double-
reciprocal plots indicates that the kinetics of the
overall process involving radiolabeled nucleoside
transport, metabolic formation of [5-*H]dUMP and
subsequent release of tritium during dTMP synthesis,
conforms to the Michaelis-Menten equation. An
apparent K,, of 2.7 uM was obtained for both [5-*H]-
dCyd and [5-*H]dUrd.
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Fig. 4. Dependence of the release of tritium from [5-*H])

dUrd and [5-°H]dCyd on the cell number. L1210 cells

harvested 6 days after inoculation were incubated at 37° for

15 min in the presence of [S-"H]dUrd (@) or [5-°*H]dCyd

(O), and the amounts of tritium released were determined

as described in Materials and Methods. The number of cells
per assay tube was varied as indicated.
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Fig. 5. Dependence of the release of tritium on the con-
centration of [5-*H]dUrd and [5-*H]dCyd. L1210 cells were
incubated at 37° for 15 min with various concentrations of
[5-*H]dUrd (@) or [5-*H]dCyd (O); v = pmoles tritium
released/min/10° cells (see Materials and Methods).

The relationship between nucleoside uptake and
subsequent release of tritium was investigated by
incubating L1210 cells simultaneously with [2-1*C]-
dUrd and [5-*H]dUrd. During a 30-min incubation
period, the ratio of cell-associated carbon-14 to tri-
tated water was 1.05 = 0.06 (pmoles/pmole). A cor-
respondence between the release of tritium from [5-
3H]dUrd and incorporation of [2-“C]dUrd into acid-
precipitable material was established in a similar
manner. During a 60-min incubation period the
ratio of carbon-14 incorporated to tritium released
was 1.11 = 0.03 (pmoles/pmole).

Figure 6 shows the dose-response curves for the
effects of 5-FdUrd on the release of tritium from [5-
SH]dUrd. At 1 uM 5-FdUrd, there was a virtually
complete inhibition of the release of tritium which
demonstrates the specificity of the assay system for
measuring the dTMP synthase reaction. A 40-min
preincubation with 5-FdUrd followed by the addition
of [5-*H]dUrd or [5-*H]dCyd vielded I, values of
5.7x107°M and 7.6 x 107° M respectively (Table
1), demonstrating the sensitivity of the intact cell
assay. When 5-FdUrd was added simultaneously with
(5-*H]dUrd, there was a small reduction in the inhibi-
tory potency of the analogue (Fig. 6).
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Fig. 6. Dose-response curves for the inhibition by 5-FdUrd

of the release of trittum. [5-°H]dUrd was added to the

L1210 cell suspension simultaneously with (O) or 40 min

after (@) the addition of 5-FdUrd. The percent inhibition

of tritium release was determined as described in Materials
and Methods.
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Table 1. Inhibition of tritium release from [3-"H]dUrd and
[5-"H]dCyd in intact L1210 leukemia cells®

Lo (uM)

Compound [5-*H]dUrd [5-"H|dCyd
5-FdUrd 0.0057 0.0076
Methotrexate (MTX) 0.34 0.19
5-Ethynyl-dUrd 0.25 1.0
5-CH;-dUrd (dThd) 0.45 75.0

5-NH.-dCyd > 1000 5.0

* Cells were preincubated for 40 min at 37° in the pres-
ence of various concentrations of inhibitors before the
addition of radiolabeled nucleosides: I, values were deter-
mined from dose-response curves (see Fig. 6 and Materials
and Methods).

The observed inhibitory activities of some rep-
resentative nucleoside analogues and of MTX on the
release of tritium from [5-*H]dUrd and [5-*H]dCyd
are summarized in Table 1. MTX was equally effec-
tive as an inhibitor of the release of tritium whether
[5-*H]dUrd or [5-*H]dCyd was utilized as the sub-
strate precursor. In contrast, 5-ethynyl-dUrd and 5-
CH;-dUrd (dThd) showed lower Is, values with [5-
’H]dUrd than with [5-*H]|dCyd, whereas the dCyd
analog 5-NH,-dCyd was a more potent inhibitor of
the release of tritium from [5-°H|dCyd.

DISCUSSION

The assay system described in this report was
developed to measure dTMP synthase activity and
its inhibition by antimetabolites in intact mammalian
cells. The results in Fig. 6 demonstrate the specificity
of the assay using intact 1.1210 cells by showing that
5-FdUrd, a potent inhibitor of dTMP synthase in
its 5’-monophosphate form, was able to completely
inhibit the release of tritium from [5-*H]dUrd and
[5-*H]-dCyd. Specificity is further indicated by the
nearly complete inhibition of the release of tritium by
10 M MTX [22]. Other antifolates, e.g. aminopterin
and triazinate, are also potent inhibitors of the
release of tritium in L1210 cells [22]. The marked
effect on tritium release, due to indirect inhibition
of dTMP formation by these dihydrofolate reductase
inhibitors, demonstrates the versatility of the intact
cell assay.

Based on the I, values obtained for the inhibition
of the release of tritium by MTX and 5-FdUrd,
3.4 x 1077M and 5.7 x 10~* M, respectively (Table
1}, these drugs are less potent than their reported
growth inhibitory effects in culture, which yield I,
values of 58X 10°M for MTX [27] and
0.5 x 107" M for 5-FdUrd [28]. These potency dif-
ferences may be accounted for by the fact that growth
inhibition is determined over a much longer period of
time using lower cell concentrations. Furthermore,
growth inhibition by MTX and 5-FdUrd may be due
to other effects besides dTMP synthesis inhibition,
e.g. the inhibition of purine biosynthesis by MTX [3]
and the incorporation of fluoropyrimidines into RNA
and/or DNA [29-34].

Inhibition of dTMP synthase by 5-FdUrd and
MTX is known to cause significant expansion of the
dUMP pools [35-37]. When [5-*H]dUrd or [5-*H]
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dCyd is added under these conditions to monitor
dTMP synthase activity, isotopic dilution of [5-*H]
dUMP may enhance the inhibition of the release of
tritium and, therefore, the apparent potency of the
drug tested. However, in the absence of dTMP syn-
thase inhibitors and over a range of 1-5 uM extra-
celiular radiolabeled dUrd, a close correspondence
between nucleoside uptake and the release of tritium
was observed, indicating that the cellular assay accu-
rately reflects the dTMP synthase activity.

It is of particular interest that the release of tritium
from [5-*H]dCyd proceeded about four times faster
than from [5-*H]dUrd (Fig. 4). Similarly, Balzarini
and De Clercq [38,*] found a 2-fold greater release
of tritium from [5-*H]dCyd than from [5-*H]dUrd,
using different assay conditions. These results sug-
gest a more rapid processing of [5-*H]dCyd by L1210
cells to form intracellular [5-*H|dUMP. This sugges-
tion is consistent with previous findings that there
are elevated levels of dCyd kinase [39] and dCMP
deaminase [35, 40, 41] in a number of leukemia cell
lines. In addition, the pathway involving dCMP
deaminase was shown to be the major contributor to
the dUMP pool in rat hepatoma cells [41]. Our
finding of a 10-fold greater phosphorylation of [5-
SH]-dCyd versus [5-*H]dUrd in cell-free extracts sug-
gests that enhanced intracellular nucleotide for-
mation is responsible, at least in part, for the pref-
erential utilization of dCyd L1210 cells, as measured
by the tritium release assay.

The observation that the release of tritium from
[5-*H]dCyd reached a maximum at ca. 50% after
1hr of incubation (Fig. 3) indicates that about half
of dCyd was converted to metabolites other than
dUMP. The phosphorylation of dCMP to dCTP may
compete with its deamination to dUMP which would
account for the observed plateau of the amount of
tritium released from [S-*H]dCyd (Fig. 3). In fact,
when 11210 cells are incubated with [1*C]dCyd, one-
half of intracellular radioactivity is associated with
cytosine nucleosides and nucleotides and the other
half with uracil and thymine nucleosides and nucleo-
tides [42].

For the evaluation of the inhibitory effects of
nucleoside analogues, it was considered important
to measure the release of trititum from both [5-*H}-
dUrd and [5-*H]dCyd in order to distinguish the
direct effects on dTMP synthase activity from pos-
sible interference with the transport of the radio-
labeled precursor and/or its metabolic processing
to [5-*H]dUMP. When 5-CH;-dUrd (dThd) and 5-
ethynyl-dUrd were tested, the lower I5, values
observed for the release of tritium from [5-*H]dUrd
compared to [S-*H]dCyd (Table 1) indicate that these
nucleosides interfere with the phosphorylation of [5-
3H]dUrd by dThd kinase. On the basis of their similar
effect on the release of tritium from [5-*H]dUrd
alone, both 5-CH;-dUrd (dThd) and 5-ethynyl-dUrd
appear to be dTMP synthase inhibitors of com-
parable potency (Table 1). However, only 5-ethynyl-
dUrd in its phosphorylated form is known to be a
sufficiently potent inhibitor of dTMP synthase
(23, 43, 44] to account for the observed effect. The

* J. Balzarini and E. De Clercq, FEBS Abstr. 5-13, FR-
240 (1982).
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much larger s, value of dThd corresponding to the
release of tritium from [5-*H]dCyd (Table 1) reveals
that the inhibitory effects on the release of tritium
from [5-*H]dUrd is primarily due to a competition
between dThd and [5-*H]dUrd for phosphorylation
by dThd kinase. The absence of any effect of 5-NH,-
dCyd on the release of tritium from [5-*H]dUrd
(Table 1) argues against inhibition of dTMP synthase
activity. Therefore, the inhibitory effect of this ana-
logue on the release of tritium from [5-*H]dCyd can
only be due to interference with the transport of [5-
H]dCyd and/or its conversion to [5-*H]dUMP,

The effects of the potent inhibitor 5-FdUrd on the
release of tritium from both [5->H]dUrd and [5-°H]-
dCyd are comparable (Table 1), indicating direct
inhibition of dTMP synthase. It is unlikely that 5-
FdUrd interferes with the uptake and/or metabolic
processing of [5-°H]dUrd at the concentration
required for 50% inhibition (5.7 x 107" M), since
this level is two orders of magnitude lower than
the extracellular concentration of added [5-*H]dUrd
(1 uM). If there were interference by S-FdUrd with
the formation of [S-*H]dUMP, then simultaneous
addition of the inhibitor and the radiolabeled pre-
cursor would result in more inhibition of the release
of tritium. In fact, the opposite was observed (Fig.
6).

In the presence of MTX, similar Is; values were
obtained for the inhibition of the release of tritium
from [5-*H]dUrd and [5-*H]dCyd (Table 1). These
results could be anticipated, since MTX has no effect
on the formation of [5-*H]dUMP from either radio-
labeled precursor, but rather interferes with the pro-
duction of the other substrate of dTMP synthase, the
cofactor 5,10-methylenetetrahydrofolate, via inhi-
bition of dihydrofolate reductase.

The initial description of the development of the
intact cell assay system [18-23] has been followed by
a number of reports in the literature which utilize
this method [38, 45-49]. The tritium release assay
has been employed to study the possible cell cycle
regulatory effects on dTMP synthase activity in
synchronous cultures of 11210 cells [45], to examine
the relative importance of S-flourouracil incor-
poration into RNA versus the inhibition of dTMP
synthase in intact Novikoff hepatoma cells [46], to
study the short-term effects of various antifolates
in L1210 cells [21, 22, 47], to establish the role of
polyglutamate derivatives of MTX as effective S TMP
biosynthesis inhibitors in H-35 hepatoma cells in
culture [48], and to study 5S-FAUMP effects on dTMP
formation and subsequent DNA synthesis [49]. In
addition, Balzarini and De Clercq [38] have recently
examined the effects of a number of dThd analogues
on dTMP synthase activity in L1210 cells. These
investigators found a better correlation between
grown inhibitory effects and the release of tritium
when [5-*H]dCyd was used instead of [S-*H]dUrd.
These results could be explained by interference with
[5-*H]dUrd phosphorylation by these dThd ana-
logues and support the conclusions reached in the
present study.

It is clear that the intact cell dTMP synthase assay
is a useful tool for examining the short-term effects
of antimetabolites on both the salvage and de novo
biosynthesis of dTMP in vitro. Further studies should
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explore the potential application of this assay system
for monitoring in vivo the therapeutic effectiveness

of
pa

drugs which inhibit the dTMP biosynthetic
thway.
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