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Effects of 5-Fluoro-2’-deoxyuridine on DNA Metabolism in HeLa Cells

YUNG-CHI CHENG AND K0JI NAKAYAMA

Department of Pharmacology, and Drug Developmental Program of the Cancer Center, University of North Carolina School
ofMedicine, Chapel Hill, North Carolina 27514

Received April 9, 1982; Accepted September 14, 1982

SUMMARY

5-Fluoro-2’-deoxyuridine at a concentration of 0.1 /tM completely inhibited incorporation
of radioactivity from [3H]dUrd into DNA in HeLa S3 cells within 5 mm of exposure. The

dTTP pool size decreased from 800 to 300 pmoles/107 cells by 1 hi, and then gradually
increased after 3 hr of exposure. Although the incorporation of radioactivity from [32P]

H3P04 into DNA was inhibited, the relative incorporation into smaller fragments com-
pared with larger fragments of DNA was found to be increased in the drug-treated cells.
When the cells with [‘4C]thymidine-prelabeled DNA were exposed to Sjluoro-dUrd, shifts

of labeled DNA peaks to smaller sizes were observed between 5 and 18 hr after exposure,
as analyzed by alkaline sucrose gradient centrifugation. Exposure of cells to 1 and 10 �LM

5-fluoro-[3H]dUrd caused incorporation of radioactivity into DNA. By high-performance
liquid chromatographic analysis of nucleosides, it was confirmed that almost all of the

radioactivity was incorporated as 5-fluoro-dUrd.

INTRODUCTION

The cytotoxicity of 5-fluoro-dUrd, an anticancer agent
(1, 2), has been ascribed to inhibition of thymidylate
synthetase (EC 2.1.1.45) by 5-fluoro-dUMP (3-5) or the
incorporation of 5-fluoro-Urd into RNA after conversion
of 5-fluoro-dUrd to the nbonucleotide analogue (6-8).

However, as reported previously (9), 5-fluoro-dUrd is
transformed to 5-fluoro-dUTP and incorporated into

DNA in vitro using purified enzymes. Although detection
of the in vivo incorporation of 5-fluoro-dUrd into DNA
has been impeded by the high activities of dUTP nucleo-

tidohydrolase and uracil-DNA glycosylase, Kufe et at.
(10) and Ingraham et al. (11) recently reported the iden-

tification of 5-fluoro-dUrd incorporated into DNA in 5-
fluoro-dUrd-treated cells.

We describe in this paper the natures of the effects of

5-fluoro-dUrd on DNA, and correlate them with the
incorporation of 5-fluoro-dUrd into DNA.

EXPERIMENTAL PROCEDURES

Materials. 5-Fluoro-[3H]dUrd (18 Ci/mmole, 98%

pure) and [6-3H]dUrd (20 Ci/mmole) were purchased
from Moravek Biochemicals (City of Industry, Calif.),
[3H]dTTP (73 Ci/mmole) and [3H]dATP (7 Ci/mmole)
from ICN Pharmaceuticals (Irvine, Calif.), and [‘4C]dThd

(58 mCi/mmole) from New England Nuclear Corporation
(Boston, Mass.). RPMI 1640 media and horse serum were
obtained from GIBCO (Grand Island, N. Y.). Cesium

sulfate was obtained from Alfa Products (Danvers,
Mass.), sucrose from Schwarz/Mann (Orangeburg,
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N. Y.), ACS scintifiant from Amersham Corporation

(Arlington Heights, Ill.), and Escherichia coli DNA
polymerase from Worthington Biochemicals (Freehold,
N. J.). All other biochemicals were purchased from Sigma

Chemical Company (St. Louis, Mo.), and chemicals from
Fisher Scientific Company (Pittsburgh, Pa.).

Cell culture. HeLa S3 suspension culture was main-
tamed in log phase between concentrations of 1-8 x i05
cells/mi in RPMI 1640 medium supplemented with 5%
horse serum, penicfflin (100 units/mI), and streptomycin
(100 j�g/m1). The HeLa cell monolayer was grown with
the same medium in an atmosphere of 5% CO2. Cells
were determined to be free of mycoplasma using the

diaminophenylindole fluorescence assay.

cINTP pool size determination. Cells (10’) were

washed twice with ice-cold PBS,’ and extracted with 100
�d of 0.5 N HC1O4 for 5 mm at 0#{176}.The precipitate was
removed by centrifugation, and the supernatant was

neutralized by the addition of 12.5 �tl of 4 N KOH. After
the addition of 12.5 �tl of potassium phosphate buffer (pH
7.5), the precipitate formed was removed by centrifuga-
tion. The concentrations of dTTP, dCTP, dGTP, and
dATP in the extracts were determined by DNA polym-
erase methods (12, 13).

Alkaline sucrose gradient centrifugation. Cells la-
beled with [32P]H3PO4, [‘4C]dThd, or 5-fluoro-[3H]dUrd
were washed twice with ice-cold PBS, and loaded on top
of a 5-20% sucrose gradient containing 0.3 M NaOH, 10
mM EDTA, and 0.66 M NaC1. After 2.5% sucrose contain-
ing 0.3% N-lauroyl sarcosine (in addition to the same

I The abbreviations used are: PBS, phosphate-buffered saline [0.14

M NaCl/4 mM KC1/0.5 mM Na2HPO4/0.15 mat KH,PO4 (pH 7.2)];

HPLC, high-performance liquid chromatography.
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FRACTION NUMBER

Fi;. 2. Effects of5-fluoro-dUrd on the incorporation of radioactiv-

ity from f2PJH:�PO4 into DNA

Cells were incubated with [‘2P]H:3PO.i (10 �tCi/ml) and a variety of

concentrations of 5-fluoro-dUrd [0 (A), 0.1 (B), 1 (C), and 10 �tM (D)I
for 24 hr at 37#{176}.The cells (5 x 10�) then were subjected to alkaline

sucrose gradient centrifugation as described under Experimental Pro-

cedures, and 0.15 ml of each fraction was collected.

RESULTS AND DISCUSSION
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reagents as above) was overlaid, centrifugation was per-

formed in a Beckman SW 50.1 rotor for 40 mm at 25,000
rpm at 20#{176}.Fractionation was achieved by using a Buch-
ler Auto Densi-Flow IIC from the top to the bottom of a

tube. RNA labeled from 5-fluoro-[3H]dUrd was decom-
posed by incubation of each fraction at 37#{176}overnight.
The fractions then were spotted on paper discs, washed
with 5% trichloroacetic acid, and counted.

Cesium sulfate density gradient centrifugation. Log-

arithmically growing cells were incubated in the presence
of a variety of concentrations of 5-fluoro-[1H]dUrd for 24
hr, washed twice with PBS, and then treated overnight
at 37#{176}with a nucleic acid extraction buffer containing 1%
sodium lauryl sulfate, 0.4 M NaC1, 10 m�i EDTA, 10 m�i
Tris-HC1 (pH 7.6), and proteinase K (100 �ig/ml). After
phenol extraction and ethanol precipitation, nucleic acids

were subjected to cesium sulfate (1.548 g/cm3) density

gradient centrifugation in a Beckman SW 50. 1 rotor at
25,000 rpm for 65 hr at 20#{176}.A portion (0.1 ml) of each
fraction was collected as described above.

Digestion of DNA and HPLC Analysis. The DNA
peak fractions after cesium sulfate density gradient cen-

trifugation were combined, dialyzed, and precipitated
with ethanol. After heat denaturation, the DNA was
digested by incubation with pancreatic DNase I (Worth-
ington) and spleen phosphodiesterase (Worthington) in
a total volume of 120 gil, and then with E. coli alkaline
phosphatase (Sigma) in a total volume of 240 jil. An equal
volume of ice-cold 1 M perchloric acid was added to the
mixture. The supernatant obtained by centrifugation was

neutralized by the addition of 60 �tl of 4 N KOH, and
lyophilyzed, dissolved in water, and analyzed by HPLC
(Micromeritics) using a Partisil PXS 10/25 SCX colunm
(Whatman) in 0.1 M ammonium phosphate buffer (pH
3.5) and a jiBondapak C18 column (Waters) in 5 m�i
potassium phosphate buffer (pH 3.5)/5% methanol. Frac-
tions were collected and the radioactivity was measured.

Effects of 5-fluoro-dUrd on the dNTP pool sizes in

HeLa cells. Using the incorporation of radioactivity from
[6-1H]dUrd into DNA as a measure for thymidylate
synthetase activity, it was confirmed that exposure of

HeLa S:t cells to 0. 1 �M 5-fluoro-dUrd completely in-
hibited thymidylate synthetase within 5 mm (data not
shown). When the effects of the inhibition of thymidylate
synthetase on the intracellular deoxynucleotide triphos-
phate pool sizes were examined, it was found that the
dTTP pool size dropped from 800 to 300 pmoles/107 cells
within 1 hr after exposure to 0.1 /IM 5-fluoro-dUrd (Fig.
1). Treatment of the samples with dUTPase prior to

dTTP pool size determination gave the same results

(data not shown), which indicates that there were no
- significant amounts of 5-fluoro-dUTP or dUTP. The rate

of early consumption of dTTP (0.1 fmole/hr/cell) ap-
pears comparable to that of the incorporation of dTTP
into DNA in HeLa cells. If there were no other source of

- dTTP, one would anticipate that its pool size would
continuously decline until completely depleted. However,

as shown in Fig. 1, after a plateau of 1-3 hr the dTTP
pool size increased gradually. Therefore, the presence of

another source of dTTP is suggested in HeLa cells. This
sheds doubt on the idea (3-5) that the cytotoxicity of 5-

fluoro-dUrd is due solely to the depletion of dTTP caused
by inhibition of thymidylate synthetase. The other de-

0 I 2 3 4 5 6 oxynucleotide triphosphate (dCTP, dGTP, and dATP)
TIME ( h ) pools were perturbed slightly.

Fm. 1. Effects of5-fluoro.dUrd on dNTPpool sizes It should be notedthat the concentration of 5-fluoro-
Cells at a concentration of 6 x 10� /ml were incubated with 0.1 �zM dUrd required to inhibit cell growth by 50% (ID50) was 2

5-fluoro-dUrd. At the indicated times, 20 ml of the medium containing nM. The addition of 10 iM dThd, but not Urd, reversed
1.2 x 10 cells were removed, and the dNTP pool sizes were determined the inhibitory effect, giving an ID� value of 1 tiM. These
as described under Experimental Procedures. 0, dTTP pool size; �, results suggest that the cytotoxicity of 5-fluoro-dUrd is
dCTP; S, dGTP; A, dATP. directed at DNA metabolism.
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Incorporation ofradioactit’ity from 5-fluoro-[’H/dUrd into

Effects of 5-Fluoro-dUrd on the incorporation of ra-

dioactivity from [:I2p]��p�4 into DNA. The effects of 5-

fluoro-dUrd on DNA synthesis was examined using al-
kaline sucrose gradient centrifugation. This method al-

lows us to determine the degree of single-strand breaks
in DNA. In the absence of5-fluoro-dUrd (Fig. 2A), radio-
activity from [:i2pIHpO was incorporated into the DNA
which distributed between Fractions 19 and 26. In the

presence of 0.1 �.LM 5-fluoro-dUrd (Fig. 2B), incorporation
of radioactivity decreased to nearly one-third that ob-

served in the absence of drug. Although at concentrations
between 0.1 and 1 JLM (Fig. 2C) a large difference was not
observed, 10 JiM 5-fluoro-dUrd caused a strong inhibition

of the incorporation of the radioactivity into DNA. The
proportion of the radioactivity recovered in smaller frac-
tions (Fractions 1-18) to that in larger fractions (Frac-

tions 19-26) increased in drug-treated cells.
Effects of5-fluoro-dUrd on Hela cell DNA prelabeled

with [‘4C]dThd. The effects of 5-fluoro-dUrd on pre-
existing DNA were examined. Cellular DNA was first
labeled with [14C]dThd for 72 hr, and then the cells were
incubated for one generation time without the radioac-

tive compound. When the cells were exposed to 0.1 jiM 5-
fluoro-dUrd, shifts of single-stranded DNA peaks to
smaller sizes, compared with that from control cells re-
ceiving no drug, were observed at 5 hr (Fig. 3), 12 hr, and
18 hr (data not shown) after the treatment. At 3 hr after
treatment no effect was observed (data not shown).

These results suggest that the preexisting DNA suffered
lesional damages, nicks or gaps, by 5 hr after exposure to

5-fluoro-dUrd. It is likely that the damages were intro-
duced by incorporation of 5-fluoro-dUrd through repair
DNA synthesis and subsequent removal. Between 5 hr

and 18 hr little difference in the average size of single-
stranded DNA was observed, suggesting that an equilib-
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FIG. 3. Alkaline sucrose gradient centrifugation of DNA labeled

with [‘4C]dThd
Monolayer cultures of HeLa cells were labeled with [‘4C]dThd (0.25

iCi/ml). After 72 hr, the medium was replaced with fresh medium

without the radioactive compound, and the cultures were incubated for

24 hr. The cells then were incubated in the absence (0) or the presence

(#{149})of 0.! �LM 5-fluoro-dUrd. Cells (10”) were harvested 5 hr after

exposure to the drug. Centrifugation was carried out as described under

Experimental Procedures, and 0.2 ml of each fraction was collected.

FIG. 4.

DNA

Cells (10”) were treated with 10 iM (0) or 1 �LM (#{149})undiluted 5-

fluoro-[’H]dUrd for 24 hr and subjected to cesium sulfate density

gradient centrifugation (A) and alkaline sucrose gradient centrifugation

(B), as described under Experimental Procedures. A value of lO� cpm

corresponds to 1.1 pmoles of 5-fluoro-[’H]dUrd.

rium state was established between gap formation and
repair synthesis.

Incorporation of radioactivity from 5-fluoro-[1H]

dUrd into DNA. The extent of incorporation of 5-fluoro-
[�H]dUrd into DNA, under the conditions described
above, is difficult to examine, because the 5-fluoro-dUrd
incorporated could be efficiently removed by the action
of uracil-DNA glycosylase (9). However, after incubation

for 24 hr with higher concentrations of 5-fluoro-[1H]
dUrd, it was possible to detect the incorporation. As
shown in Fig. 4A, when nucleic acids which were ex-
tracted from the cells exposed to 10 �.tM 5-fluoro-dUrd

were subjected to cesium sulfate density gradient cen-
trifugation, two peaks of radioactive nucleic acid were
observed. The one with lower density (Fractions 4-6, 1.45

g/cm1) was alkali-stable and was identified as DNA,
while the one with higher density (Fractions 36 and 37,
1.68 g/cm1) was alkali-labile and was identified as RNA.
Although more radioactivity was incorporated into RNA
than into DNA in the presence of 1 /LM 5-fluoro-[1H]

dUrd, the major radioactive peak obtained in the pres-

ence of 10 �LM compound was that of DNA.
The sizes of DNA strands containing the radioactivity

from 5-fluoro-[1H]dUrd was examined by alkaline su-
crose gradient centrifugation. As shown in Fig. 4B, DNA
strands that incorporated radioactivity consisted mainly
of small fragments. This was obvious, in particular, when
the 10 �LM concentration was used. One likely explanation
of these results is that nicking or gap formation was going
on extensively, through a series of reactions involving
uracil-DNA glycosylase. However, we cannot exclude the

I I
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174 CHENG AND NAKAYAMA

possibility that the breakdown of DNA during the expo-
sure to 10 jiM 5-fluoro-dUrd was a result of cell death.

The DNA which incorporated radioactivity in the pres-
ence of 10 ,LM 5-fluoro-[3H]dUrd was digested to nucleo-
sides and analyzed by HPLC as described under Experi-
mental Procedures. Almost all of the radioactivity coin-
cided with authentic 5-fluoro-dUrd standard in two dif-

ferent column systems.
In conclusion, a sequence might be depicted, in which

cells are busy removing DNA portions containing 5-flu-
oro-dUrd and repairing them (9, 11). The incorporation
of 5-fluoro-dUrd could be facilitated through the inhibi-

tion of thymidylate synthetase by 5-fluoro-dUMP. How-
ever, during the repair synthesis the analogue could be
misincorporated again, and DNA replication would be
impeded as a whole.

REFERENCES

1. Heidelberger, C.. L. Griesbach, 0. Cruz, R. J. Schnitzer, and E. Grunberg.

Fluorinated pyrimidines. VI. Effects of 5-fluorouridine and 5-fluoro-2’-deoxy-

uridine on transplanted tumors. Proc. Soc. Exp. Biol. Med. 97:470-475

(1958).

2. Heidelberger, C., and F. J. Ansfield. Experimental and clinical use of fluori-
nated pyrimidines in cancer chemotherapy. Cancer Res. 23:1226-1243 (1963).

3. Hartmann, K-U., and C. Heidelberger. Studies on Fluorinated pyrimidines.

XIII. Inhibition of thymidylate synthetase. J. Biol. Chem. 236:3006-3013

(1961).

4. Reyes, P., and C. Heidelberger. Fluorinated pyrimidines. XXVI. Mammalian

thymidylate synthetase: its mechanism of action and inhibition by fluorinated

nucleotides. Mol. Pharmacol. 1:14-30 (1965).

5. Dolnick, B. J., and Y.-C. Cheng. Human thymidylate synthetase derived from

blast cells of patients with acute myelocytic leukemia: purification and

characterization. J. Biol. Chem. 252:7697-7703 (1977).

6. Glazer, R. I., and A. Peale. The effect of 5-fluorouradil on the synthesis of

nuclear RNA in L1210 cells in vitro. Mol. Pharmacol. 16:270-277 (1979).

7. Glazer, R. !., and K. D. Hartmann. The effect of 5-fluorouradil on the synthesis

and methylation of low molecular weight nuclear RNA in L12!0 cells. Mol.

Pharmacol. 17:245-249 (1980).
8. Glazer, R. I., and M. Legraverend. The effects of 5-fluorouridine -5’-triphos-

phate on RNA transcribed in isolated nuclei in vitro. Mol. Pharmacol.

17:279-282 (1980).

9. Caradonna, S. J., and Y.-C. Cheng. The role of deoxyuridine triphosphate

nucleotidohydrolase, uracil-DNA glycosylase, and DNA polymerase a in the

metabolism of FUdR in human tumor cells. Mol. Pharmacol. 18:513-520
(1980).

!0. Kufe, D. W., P. P. Major, E. M. Egan, and E. Loh. 5-Fluoro-2’-deoxyuridine

incorporation in L!2l0 DNA. J. Biol. Chem. 256:8885-8888 (!98!).

11. Ingraham, H. A., B. Y. Tseng, and M. Goulian. Nucleotide levels and incor-

poration of 5-fluorouracil and uracil into DNA of cells treated with 5-fluoro-

deoxyundine. Mol. Pharmacol. 21:2! 1-2!6 (1982).

12. Solter, A. W., and R. E. Handschumacher. A rapid quantitative determination

of deoxyribonucleoside triphosphates based on the enzymatic synthesis of

DNA. Biochim. Biophys. Acta 174:585-590 (1969).

13. Williams, M. V., C-H. Chang, and Y.-C Cheng. An enzymic method for

distinguishing deoxyuridine and deoxythymidine nucleotide pools and its

application for determining ribonucleotide reductase activity. J. Biochem.

Biophys. Methods 1:153-162 (1979).

Send reprint requests to: Dr. Yung-chi Cheng, Department of Phar-

macology, University of North Carolina School of Medicine, Chapel

Hill, N. C. 27514.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



