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sis. These overall results indicate that in-

creases in the intracellular concentration of

either dTTP or dATP may inhibit DNA
synthesis, but the concentrations of the
other deoxynucleotides are also of impor-

tance. Inhibition of growth by deoxygua-

nosine results in an increase in only dGTP
while dTTP and dCTP pools are decreased
somewhat (9).

The potential mechanism for inhibition

of DNA synthesis by deoxynucleoside tn-
phosphates has recently been identified
(18)1. A regulatory protein for DNA polym-

erase a responsive to deoxynibonucleoside
tniphosphates has been isolated from calf
thymus. In the presence of this protein, the
activity of DNA polymerase a was inhibited
by dGTP in a concentration dependent
manner achieving 98% inhibition at 200 MM

dGTP compared to virtually no inhibition
of polymenase activity in the absence of this
protein (18). Kinetic studies using homo-
polymers as template with calf thymus
DNA polymerase in the presence of this
regulatory protein have demonstrated that
the other deoxynucleoside tniphosphates

are also inhibitors of polymerase activity in

addition to their substrate function’ . Al-
though the decreased dNTP pools associ-
ated with thymidine or deoxyguanosine
toxicity were not of sufficient magnitude to

account for the observed inhibitions, the
increased pools of either dTTP or dGTP
are of sufficient magnitude to provide sub-

stantial inhibition of DNA polymerase a in
the presence of these regulatory properties.

Such a regulatory mechanism for DNA
polymerase is capable of potentiating the
decrease in DNA synthesis that would be
expected from a given reduction in limiting
deoxynucleoside triphosphate pools. Under
these conditions, increases as well as de-
creases in deoxynucleoside tniphosphate
pools would contribute to the inhibition.

Since the overall rate of DNA synthesis
appears to be the average rate of incorpo-
ration of each deoxynucleotide, a critical
balance in all four deoxynucleotides ap-
pears required for the optimum rate of
DNA synthesis.

, Steinberg, J. A., G. B. Grindey. Isolation ofa DNA

polymerase a associated regulatory protein from calf

thymus (submitted).

In conclusion, analysis of perturbations

in deoxyribonucleoside triphosphate pools
induced by deoxynucleosides in mamma-

han cells under conditions that inhibit
DNA synthesis indicate that the concentra-

tions of these pools are directly related to

the rate of DNA synthesis. The results also
indicate that small perturbations in the de-
oxynucleotide pools dramatically inhibit
cellular DNA synthesis and that the mech-
anism of action of many antimetabolites
may be related to induced imbalances in
the deoxynucleoside triphosphate pools.
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SUMMARY

SEDWICK, W. DAVID, MARY Jo FYFE, OLIVER E. BROWN, THOMAS A. FRAZER, MARC

KUTLER AND JOHN LASZLO. Deoxyuridine incorporation as a useful measure of

methotrexate and metoprine uptake and metabolic effectiveness. Mo!. Pharmaco!.
16: 607-613 (1979).

This paper contrasts the inhibition of deoxyunidine incorporation by the lipid-soluble
antifolate, DDMP, and methotrexate in the human lymphoblastoid cell line, WIL-2. It

shows how deoxyunidine incorporation can be used as an indirect tool for assay of drug
uptake and facilitates interpretation of experiments with labeled drugs. Whereas 1 MM

methotnexate takes 15-30 minutes to maximally inhibit deoxyuridine incorporation,
DDMP maximally inhibits incorporation within five seconds of addition to the cell

culture. These protocols expand the potential of deoxyunidine-based assays in analysis of
antifolate action and may be useful for in vitro testing of potential tumor responses to
antifolates.

INTRODUCTION

Assays of UdR2 incorporation into the
DNA of mammalian cells are useful in de-

tecting resistance to folate antagonists, for
comparing differential cellular responses to

these drugs, and for determining their rel-

ative potencies ( 1) . Here we have used the

measurement of UdR incorporation into
the DNA of a human lymphoblastoid cell
line, WIL-2, to compare the inhibitory
properties of two pharmacologically dis-
tinct antifolates. Methotrexate (MTX), a
prototypic active transport-dependent,
tight-binding inhibitor of dihydrofolate re-

Supported by NC! Grant CA 11265.

I Reprint requests should be addressed to Dr. W.

David Sedwick, Box 3835, Duke University Medical

Center, Durham, N.C. 27710.

2 The abbreviations used are: UdR, deoxyuridine;

MTX, methotrexate; MEM, minimal essential me-

dium; PBS, phosphate-buffered saline.

ductase, is compared with metoprine [2,4-
diamino-5-(3’4’-dichlorophenyl)-6-methyl-
pyrimidine; DDMP], a lipid-soluble anti-
folate (2), which is also an inhibitor of di-

hydrofolate reductase.
Although inhibition of UdR incorpora-

tion into DNA is often used as a sensitive

measure of the in vitro metabolic activity
of folate antagonists (3), this assay does not

necessarily correlate with in vivo antitumor
effects (4, 5). While it is evident from these
and other studies (6, 7) that a variety of
assays must be utilized in order to approach
a high probability of success in predicting
in vivo response of tumors, assay of UdR
incorporation still provides a straightfor-
ward way to assess the relative response of

cells to antifolates.
This paper contrasts the kinetics of UdR

inhibition by DDMP and MTX. It shows
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that in vitro UdR incorporation can be used
as an indirect assay of drug uptake, a tool
which increases the pharmacologic signifi-

cance of uptake studies with labeled drugs.
It is hoped that the approach developed
will extend the general utility of UdR-based

assays for in vitro prediction of in vivo

antitumor effects.

MATERIALS

Deoxyunidine (6-’tH) (24.2 Ci/mmole)
was obtained from the New England Nu-

clear Company. MTX, 3’,5’,9(n)-1H was
kindly provided by Nd, Contract No. 1-
CM-67121, and repunified before use as de-
scribed by Goldman et a!. (8). DDMP and
“IC DDMP were kindly furnished by Dr. C.
A. Nichol of Burroughs Weilcome Co. and
silicon oil (DOW 702 diffusion pump fluid)
was obtained from DOW-Corning. The cell

line, WIL-2, originally isolated by J. Levy

et al. (9), was obtained from Dr. M. Hersh-

field, Duke University Medical School, De-
partment of Medicine. The MEM used to
support the growth of WIL-2 cells was the

autoclavable formulation for suspension
cultures sold by GIBCO. Fetal calf serum,
obtained from GIBCO, was dialyzed for
three days against three changes of ten
volumes of saline solution prior to use in
incorporation and drug uptake experi-
ments.

METHODS

Cell maintenance. WIL-2 cells were
maintained in suspension cultures which
were continuously agitated on a rotary

shaker at 37#{176}at a density of 1.5 to 8 x i05
cells/ml. MEM used for cell growth exper-
iments was supplemented with 10% fetal
calf serum.

Pulse labeling protocol. Cells used in
pulse labeling experiments were first incu-
bated for 30 minutes in fresh medium
(MEM) containing 10% dialyzed fetal calf
serum. Cells were then pulse labeled with
‘H-deoxyunidine by transferring 0.2 to 0.3
ml of cells to a tube containing 3H-deoxyu-
ridine (5 MCi/ml). The reaction was stopped
by addition of ice-cold PBS, followed by
rapid centrifugation and removal of the su-
pernatant. The cells were then resuspended
in 100 �il of PBS and transferred to What-
man filter paper discs. The discs were fur-

ther processed for scintillation counting as

previously described (1).
Rapid assay of UdR incorporation. The

procedure used for transport studies was
modified from Marz et a!. (10). Total up-
take of UdR by cells was assayed by inject-

ing 0.3 ml of cells at the same time with 0.3
ml of labeled UdR at 37#{176}into tubes con-

taming a 0.2 ml layer ofmineral oil (Squibb)
and diluted silicon oil (30:70), and centni-

fuging the samples for 30 seconds in a mi-
crocentnifuge as further described for the
MTX uptake assay. Samples were taken at

intervals varying from two minutes to two
seconds before centrifugation in a Brink-
mann-Eppendorf Centrifuge 3200, a proce-
dune which terminates further incorpora-
tion of UdR by removing cells from the
aqueous layer into a pellet beneath the oil
layer. Three milliliters of aquasol were then

added to each vial, and the samples were
shaken vigorously prior to scintillation

counting.
Samples obtained for measurement of

TCA precipitable counts were pipetted into

glass tubes and immersed in an ice bath
with simultaneous ten-fold dilution by PBS

to stop the incorporation of deoxyunidine
into DNA. Samples were immediately cen-
trifuged, spotted on filters, treated with tn-
chlor�cetic acid as previously described
( 1) and counted by scintillation spectros-
copy under identical quench conditions to
those used for determination of total UdR

uptake.

Assay ofmethotrexate uptake. Uptake of
MTX by WIL-2 cells was measured by rap-

idly mixing equal volumes of 5 x 106 cells/

ml in MEM with medium containing two
times the desired final concentration of
MTX. Samples of 0.3 ml were periodically
transferred to microcentnifuge tubes con-

taming a mixture of silicon oil (70%) and
heavy mineral oil (30%) and centrifuged for

30 seconds in a microcentnifuge. The top
layer containing unabsorbed drug in

aqueous solution was removed and the
walls of the tube above the oil layer washed

by filling the tube twice with deionized
water. One molar sucrose (0.5 ml) buffered
by PBS was then added to each tube. The

tubes were again centrifuged, and the float-
ing oil layer discarded. The cells were then
suspended in the remaining 0.5 ml of PBS-
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MTX uptake experiments with labeled
drug only delineate the apparent rate of

� -�1 entry and efflux of MTX from the cell;
however, the pulse labeling experiments
with UdR provide an apparent rate of drug
entry, a quantitative estimate of metabolic
impact, and the rate of recovery of cells
from the antimetabolic effect of the drug.

Figures 1 and 2 show that the kinetics of

inhibition of DNA synthesis by 1 MM MTX,
as obtained from pulse labeling experiments

with UdR, closely correlate with MTX up-

� take kinetics obtained directly with labeled
drug. The time course for unidirectional
free drug efflux from the cells is observed
over a 10-15 minute period after resuspen-
sion in drug-free medium, whereas maxi-
mum recovery of the cells’ ability to incor-
ponate UdR does not occur until at least

two hours after washout of drug.
Assays of UdR incorporation in the pnes-

ence of DDMP established both the rapid-
ity of drug entry and its effect on UdR
incorporation. The kinetics of inhibition of
UdR incorporation shown in Fig. 3 are com-

pared with the kinetics of DDMP uptake
shown in Fig. 4. Within 20 seconds, labeled

DDMP associatessignificantly with WIL-2
cells (20 pmols/10t’ cells); thereafter DDMP
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buffered sucrose and transferred to scintil-
lation vials. The remaining material in the
microcentrifuge tubes was washed into the

scintillation vial by two washes with 1 ml
Aquasol (New England Nuclear Corp.).

Three milliliters of Aquasol were then

added to each vial, and the samples were
shaken vigorously prior to scintillation
counting.

Assay of DDMP uptake. Cells were col-
lected from growth medium, resuspended
in fresh MEM containing dialyzed fetal calf
serum, and incubated in a shaking water
bath. After ‘4C-DDMP was added, 0.5 ml
samples were periodically removed, sus-
pended in ten volumes of ice-cold Tnis-
buffered saline and immediately collected
on Whatman GFC filters. Filters were
washed two times with 5 ml of the saline

solution, taking care not to allow the filter
to dry between washes. The filters were
then dried, solubilized with Protosol for
three hours at 37#{176}and counted in toluene-
based scintillation fluid, containing 4 g PPO
and 0.05 g POPOP/liter of toluene.

�-, + . , 4

FIG. 1. The kinetic response of UdR incorporation

to the addition and removal of MTX from the cell

incubation medium

1 �iM MTX was added to a culture of WIL-2 cells

which was in logarithmic growth. Cells were subse-

quently pulse labeled with 1 �tCi/ml of ‘H-UdR for JO

minute intervals following drug addition to the me-

dium (A-A). Cells were also removed from MTX-

containing medium by centrifugation and resuspen-

sion of cells in cold medium two times followed by

incubation at 37#{176}in fresh drug-free medium. The

recovery of the cellular ability to incorporate UdR was

also monitored by pulse labeling with H-UdR

(O-O). Incorporation into drug-free cells was con-

stant during the course of this experiment at 2.3 x l0�

CPM/5 x l0� cells/sample.

FIG. 2. The time course of uptake and unidirec-

tional efflux ofMTX in WIL-2 cell cultures

1 fLM MTX was added to cells and samples were

subsequently taken at the indicated times to monitor

the uptake of H-MTX (#{149} #{149})by cells as described

in METHODS. At 30 minutes after drug addition, cells

were removed from the medium containing labeled

MTX, washed two times with cold medium and resus-

pended in drug-free medium at 37#{176}.The rate of loss of

MTX from cells was then measured as an indication

of the drug efflux rate (O-O).

RESULTS
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Fic. 3. The kinetic response of t]dR incorporation

to the (Zd(Iitiofl (1/7(1 remotal of DDMP from the

incubation flie(/iiifli

5 �LM l)I)MP was added to a culture of log phase

WIL-2 cells. Cells were subsequently pulse labeled

with 2 �uCi/rnl of .iHt,JdR (�-�) for ten minutes at

intervals following drug addition. A portion of the cells

was removed from l)DMP-containing medium by cen-

trifugation at :io minutes, then washed two times with

cold medium, resuspended in fresh drug-free medium

and incubated at 37#{176}.The recovery of the capacity of

cells to incorporate lJdR was then monitored by five

minute pulse labeling as described in Fig. I

(C>’-O). Control incorporation increased from 9 to

15 x 10 CPM/2.5 x 10 cells/sample. Percent control

was calculated relative to drug-free samples at each

tin�e period.

continues to be taken up over a period of

3-10 minutes until it approaches saturation
at a concentration one to two-fold greater
than its initial association with the cells.
These measurements were made as rapidly
as possible using the filtration technique
(METHODS).

Although DDMP continues to concen-
trate in the cell over a period of three

minutes or longer, a steady state of UdR
incorporation in the presence of DDMP is
established within about five seconds of
DDMP exposure (Fig. 5, Panel A). This
inhibition by DDMP of UdR incorporation
is not due to an inhibition of UdR uptake;
rather, the presence of DDMP increases

the overall rate and amount of UdR uptake
by WIL-2 cells (Fig. 5, Panel B).

Removal of DDMP from the incubation
medium results in rapid release of labeled
drug, leaving a cell-bound fraction that can-
not be decreased by washing the cells in

ice-cold medium or by incubating them at
370 in drug-free medium for periods as long
as four hours (not shown). After 15 minutes
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from cells was then determined.
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of exposure to 5 MM DDMP cells irreversibly
bind 7 pmoles drug/b6 cells, whereas cells

exposed to 1 MM MTX irreversibly bind
about 0.07 pmoles/10� cells of this drug.

The bound fraction is saturated within two
minutes of exposure to concentrations of
DDMP ranging from 0.5 to 50 MM, whereas

0. 1 to 5 MM MTX takes approximately 15-
30 minutes before it saturates cells with a
concentration dependent kinetic.

The ability of cells to incorporate UdR
into DNA after a 30 minute exposure to
DDMP, as in the case of MTX, recovers
maximally about two and one half hours
following drug removal (not shown). The
kinetics and degree of recovery from
DDMP inhibition of UdR incorporation is
directly dependent upon the concentration
of drug in the incubation medium. In con-
trast, MTX achieves the same level of in-
hibition in a time-dependent manner, at all
concentrations of drug from 0.5 MM to 5.0

MM (Fig. 6, Panels A and B). Although not
shown, treatment with 0.1 MM MTX will

also inhibit UdR incorporation by more
than 95% after a period of exposure of 5ev-
eral hours.

DISCUSSION

Drug uptake studies with mouse and hu-

10 20 30 40 60 80
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FIG. 4. Time course ofuptake and unidirectional

efflux of DDMP in WJL-2 cell cultures

5 �tM ‘4C-DDMP was added to cells and samples

subsequently taken to monitor uptake of l)DMP

(#{149} #{149}).A portion of the cells was removed from

I)DMP-containing medium at 2 (O-O) and 30 mm-

utes (L�-A) after drug addition, washed once with

ice-cold MEM and suspended in drug-free MEM at

:17#{176}.The rate and extent ofdissociation oflabeled drug




