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ABSTRACT

The present study evaluates the effects of 5-fluorouracil (FUra)

on the structure of newly synthesized DNA purified from bone
marrow cells. DNA synthesis was decreased by 30 and 45% of
control in the presence of 19 and 100 JIM FUra, respectively.
Furthermore at these concentrations of FUra, the DNA strand
sizes were smaller as determined by alkaline sucrose gradients.
Enzymatic digestion of the DNA demonstrated that most of the
FUra (>90%) was localized in the intemucleotide linkage and not
at the chain terminus. As the concentration of FUra was varied,
the percentage of FUra at the chain terminus was unchanged,
suggesting that the decrease in chain size as well as inhibition
of DNA synthesis was not due to chain termination. DNA that
had been synthesized in the presence of FUra was shown to
fragment after increasing time as demonstrated by alkaline su
crose gradient analysis. This time-dependent fragmentation was

associated with an increased number of strand breaks as deter
mined by neutral and alkaline sucrose gradient analysis. A parallel
study demonstrated a time-dependent excision of FUra from

DNA over this same time period. In summary, these studies
demonstrate an association between the excision of FUra from
DNA and the changes in secondary structure of newly synthe
sized DNA.

INTRODUCTION

FUra,3 the pyrimidine antimetabolite drug widely used in the

treatment of several human cancers has been thought to derive
its antineoplastic activity and toxicity from two hypothesized
mechanisms of action: (a) formation of the FUra deoxyribonu-

cleotide, FdUMP, which inhibits thymidylate synthase (EC
2.1.1.45) and ultimately prevents the formation of thymidylate
required for DNA synthesis (1, 2); and (b) formation of the FUra
ribonucleotide, fluoruridine triphosphate, which, following incor
poration into RNA, has been shown to affect ribosomal RNA
maturation and heterogeneous nuclear RNA synthesis (3-6).

Several reports have recently demonstrated that FUra can be
incorporated into DNA of tumor cells (7-11) as well as normal

bone marrow cells (12,13) suggesting that interaction with DNA
may be a potential site of antitumor activity and host cell toxicity.

The mechanism by which FUra damages DNa is still unclear.
It is known that uracil glycosylase catalyzes the removal of
misincorporated bases (FUra and Ura) from DNA (14). This
process may alter the integrity of DNA containing either Ura or
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FUra. As a consequence of uracil glycosylase, cytotoxicity may
be more closely linked with the rate of removal of misincorpo
rated bases rather than with the absolute amount incorporated.
The observations of Cheng and Nakayama (7) have provided
evidence that DNA fragmentation occurs following incubation of
HeLa cells with FdUrd suggesting removal of Ura or FUra by
uracil glycosylase followed by AP endonucleolytic cleavage of
AP sites results in DNA breaks.

In the present study, we examine the structural consequences
of FUra on newly synthesized DNA from bone marrow cells
exposed to cytotoxic concentrations of FUra known to produce
slight inhibition of thymidylate synthase activity demonstrating
(a) inhibition of DNA synthesis accompanied by an increased
amount of small molecular weight DNA; (b) FUra incorporation
into the intemucleotide linkage of DNA; (c) degradation with
formation of breaks in newly synthesized DNA; and (d) decreased
strand length of DNA which may be associated with FUra removal
and formation of strand breaks. In summary, this report dem
onstrates that the removal of FUra from newly synthesized DNA
occurs concomitantly with DNA strand breakage.

MATERIALS AND METHODS

Chemicals. [6-3H]FUra (18 Ci/mmol) and [mefhy/-3H]dThd (50 Ci/

mmol) were purchased from Moravek Biochemicals (Brea, CA). DNase
I, Pronase B, and FdUMP were obtained from Sigma Chemical Co. (St.
Louis, MO). Isoamyl alcohol and phenol reagent were purchased from
Fisher Chemical Co. (Pittsburgh, PA). Micrococcal nuclease and spleen
venom phosphodiesterase were obtained from Worthington Biochemi
cals (Freehold, NJ). All other chemicals were of the highest quality
available.

Preparation of Cells. Studies were performed utilizing single cell
suspensions of marrow cells isolated from the femurs and tibias of male
CF, mice (21 to 24 g) as previously described (13). Cell viability as
determined by trypan blue dye exclusion was 85% or greater during
these experiments. Cells were suspended in a-MEM (No. 410-2000)

containing no deoxyribonucleosides or ribonucleosides purchased from
Grand Island Biological Co. (Grand Island, NY).

Incorporation of Radioactive FUra or dThd into DNA. To examine
FUra incorporation into DNA, cells were incubated at 37Â°C in a-MEM
[3H]FUra at the concentrations indicated in the text and a specific activity

of 1.6 mCi/mmol. The effects of FUra on DNA structure were examined
in experiments in which DNA was labeled with [3H]dThd (50 ^Ci/ml) in
the presence or absence of FUra for the periods referred to as a "pulse."

In all experiments with [3H]FUra, incorporation was terminated by
resuspending cells in fresh a-MEM (4Â°C). In experiments utilizing [3H]-

dThd the pulse was terminated by resuspending the cells in fresh a-

MEM containing 10 UM dThd. The length of time that the cells were
resuspended in fresh media is referred to as a "chase.1"4The cells were

then spun for 5 min at 3400 x g and the supernatant was decanted.

4 Incubation of cells with medium containing no radioactive precursors immedi

ately following a pulse is referred to as a chase. This permits observation of
conversion of early intermediates to later intermediates without interference by
further synthesis of early intermediates.
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DNAwaspurifiedessentiaffyaccordingto thetechniqueof Marmur
(15) with modifications as described previously (13). RadiOaCtivity was
not detected in the soluble fraction following treatment of the purified
[@HJF1kalabeled DNA by alkali demonstrating that the DNA was free
fromRNAcontamination.FurtherconfirmationofthepurityofDNASwas
assessed by neutral sucrose gradient analysis (described below) after
treatmentwithDNaseI.

Location of Radioactivity within the DNA Strand. The location of
radioactivity in the DNA strand was determined by modifications of the
method of Josse at a!. (16). To purified radiolabeledDNA were added 2
@Lmo1Tris buffer-lO @molCaCI@-380units of micrococcalnuclease(stand
ardiZed by measuring the absorbance change at A@ from native calf
thymus DNA substrate)(1 7). After 2 h incubation DNA was acid soluble.

ThedigestwasadjustedtopH7.Owith0.1 NHCI.Then0.03unitof
spleen venom phosphodiesterase was added and the mixture was
incubated at 37Â°C.(The enzyme was standardized by the release of a
chromophore from 2'-deoxythymidmne-3'-p-nitrophenyiphosphate)(18).
Thisprocedurewasrepeatedafter1 h andagainaftera secondh.Total
incubationtime was 3 h. Neitherthe nucleasen@the phosphodiesterase
contained any detectable contaminating phosphataseactivity.

Identification of the 3'-Nucleotides. The fraction containing the
radioactive nucleotide monophosphate was isolated utilizing reverse
phase ion pair chromatography as described previously(13). The nucleo
tide was then enzymatically digested with either 50 units of 5'-nudeo
tidaseor50unitsofalkalinephosphatase.Noenzymewasusedinthe
control. The incubation time was 45 mm. The enzyme activity was
terminated by immersion of the sample into an iced slurry. 3'-FdUMP
was identified by demonstrating complete degradation to Fdtkd by
alkaline phosphatase, while no degradatiOnwas observed in the pres
ence of 5'-nucleotidase.

Sucrose Gradient SedImentatIOn.DNA was sedimentedthrough
neutral and alkaline sucrose gradients essentially according to the
method of Collins (19). Purified DNA was layered onto a 5-mi neutral 5
to 20% hnearsucrosegradientcontaining0.01 MTns-HCI,0.1 M@
and 0.0015 U MgC@.pH 7.4. For the alkalinegradients,DNA was
denatured by the addition of a 0.15 vol of 1 NNaOHstirred and incubated
for 60 mm at 4Â°C.Subsequently denatured DNA was layered onto a 5-
ml 5 to 20% linearsucrosegradientcontaining0.5 M KCI,0.0015M
MgCI2,and0.1NNaOH.Thegradientswerecenthfugedat4 to5Â°Cat
40,000 rpm for 2 h with a Beckman L3-50 uftracentrifuge.Tubes were
punctured from the bottom and 12-drop fractions were collected onto
Whatman No. 3 MM filter discs. The DNA was applied to fiRers and
radioactivitywasquantitatedkiaTritonbasedscintillationfluor(13).

Determination of Molecular Weight of DNA. The approximate sedi
mentation coefficients of DNA in the neutral sucrose gradient were
determinedbythemethodofMartinandAmes(20)usingrRNAcontain
iog28S and 18S components(21) and aldolese(22) as standardswith
the same centrifugation conditions described above. Molecular weights
werecalculatedfromtheS valueswiththeequationsofStudiar(23).

High-performance LIqi@dchromatography Analysis of Digested
DNAs. All analyses were performed using a 5-@@mC@reverse-phase
column(25 x 0.46 cm)purchasedfromIBM (Poughkeepeie,NY) as
described previously (13).

RESULTS

Effects of FUra Concentration on DNA Synthesis and
Strand Size. Chart 1 illustratesthe radioactiveprofilefrom an
alkalinesucrosegradientof DNAisolatedfromcellsexposedto
[3H]dThdfor 1 h to control(no Flfra),19, or 100 @MFUra.DNA
synthesiswasdecreasedby3O%inthepresenceof19@@MFtka
andby 45% in the presenceof 100@ Flha. In addition,the
strandsize of DNA was markedlysmaller(51 bases)in the
presenceof 100 j@MFUracomparedtothestrandsizeofcontrol
DNA (133 bases).

Location of FUra in Newly Synthesized DNA. In order to
assesswhether the small molecularweight DNA observedin
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chart1. Inhibitionof DNAsynthesiswith concomitant @umulationof smat
molecularweightDNAby FU@a.Cellswereexposedto a 1-hpulseof [@H)dThd

frombonemarrowcellswaslayeredonto5 to 20%alkalInesucrosegradientas
described in Materlaisand Methods.@

Chart1 resultedfromchaintermination,equalamountsof DNA
labeledwith either dThd or Ftka were enzymabcaltydigested
andanalyzedby high-performanceliquidchromatography.Chart
2 shows the radiochromatogramof the DNA digest following
exposureof cellsfor 1 h witheither[@HJdTMor 50 @MrHIFIk-a.
The3'-nucleotidederivatives(confirmedbyutilizingthe proce
duredescribedin the @Materialsand MethOdS@)representedthe
principleradioactivecomponentof the newlysynthesizedDNA
(>90%).Thisindicatesthatmostof the incorporatedFUrsas
well as the naturalpynmidine,i.e., dmd, was localizedIn the
intranucleotidelinkage.Underthese conditions,only a minor
fractionof the radioactivityelutedas the deoxynbonucleoside
derivativeindicatingminimalaccumulationat the chaintemni.
WhentheextracellularFUrsconcentrationwasdecreasedfrom
50to2 tiM,thepercentageofFUrsat thechalnterminiremained
constant(approximately8%).Theseresultssuggestthat local
izationof FUraat the chainterminiwas not responsiblefor the
formationof the smallmolecularweightDNAobservedin Chart
1.

Structural Integrity of Newly SynthesizedDN& The struc
turalintegrityof thenewlysynthesizedDNA(obtainedfromthe
experiment in Chart 1) was ascertained by both neutral and
alkalinesucrosegradientsin orderto assessthe presenceof
DNA strand breaks duringexposureto FUrs. It is known that
whenthe molecularweightof a singlechainof DNAaccounts
for less than one half of the molecularweight of the duplex,
breaksarepresentin the strand(23).Table1 Hlustratesthat 19

@MFIka effectively produces strand breaks in newly synthesized

DNA comparedto controlwith increasedbreaks observed at
100 @iMFtka.

Degradationof NewlySynthesizedDNA.Chart3 illustrates
thechangeinthestrandlengthof newlysynthesizedDNAover
a 3-hchasefollowinga 1-hincubationofcellswithrHIdThdin
thepresenceor absence(control)of 5 m@Flka. ControlDNA
elongated with increasing chase time from 680 to 1850 bases.
In contrast,DNA isolatedfromthe Ftka-trealed cellsdecreased
instrandlengthfrom1180 to 110 basesaftera 3-h chase.These
dataindicatethatDNAthathadbeensynthesizedInthepresence
of Flka does not elongatewith time but insteadIsdegraded.

Removal of FUrs from Newly Syntheslzd DNA with For
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Chart 2. High-performanceliquid chromatography analysisof enzymaticallydigested DNA labeledwith either 50 /.M [3H]FUra(A)or [3H]dThdfor 1 h (B). Purified DNA

was digested to 3'-nucleotides by the sequentialaction of micrococcalnudease and spleen venom phosphodiesleraseas described in 'Materials and Methods."

B. Control
3'-TMP

Table 1
Strand breaks following 1-h incubation with FUra

Treatment,
FUraO.M)019

100Neutral

gradientS11.9

12.3
13.3M,

xâ€¢\Q-*1.43

1.77
2.19Alkaline

gradientS9.60

9.15
6.54M.x.

10-*0.45

0.40
0.17Breaks/

strandÂ«0.59

1.21
5.24

[ Number of breaks/strand 1
y Number of bases/strand/

The number of breaks per strand were calculated as

Â¡M,neutral/2 |

x 10".

\ M, alkaline /

M, is the average molecularweight.

- 1

I 2 3

HOURS

Chart 3. DNA strand length over a 3-h chase following a 1-h pulse of [3H]dThd
in the presence(O)or absence(â€¢)of 50 IÂ¡MFUra.The strand lengthwas calculated
from the molecular weights determined as described in the "Materials and Meth
ods."

mation of Strand Breaks. In order to clarify further the mecha
nism by which the strand length of newly synthesized DNA
decreased over a 3-h chase (Chart 3), cells were incubated for
1 h with either 50 U.M[3H]FUra or [3H]dThd (control) following
which cells were "chased" as described in the "Materials and
Methods." Chart 4 illustrates the tritium remaining in DNA over

200

I50

IOO

50

HOURS

Chart 4. 3H removal from DNA over a 3-h chase following a 1-h exposure of
cells to either 50 fM |3H|FUra (O) or |3H|dThd (50 ,.Ci/mi cells) (â€¢).DNA was
purified as described in 'Materials and Methods.*

Table 2
Effects of increasing chase time on breaks in DNAfollowing 1-h exposureto FUra

DNA isolated at intervals of time shown following 1-h exposure to 50 nu FUra
was segmented in neutral and alkaline sucrose gradients to determine the number
of breaks as described in "Materials and Methods."

Chase

Alkaline gra-
Neutral gradient dient

i^iiaae __^_
Treatment time (h) S Mrx10-" S M,x10-" Breaks/104 (bases)"

Control

FUra

10.3 0.94
13.2 1.93

9.4
10.5

0.42
0.56

0.85
2.50

29.3 19.41(42.5)" 12.2 0.81 3.71(42.5)1, .Â¿e
14.6 2.58(57.5) 1.51(57.5)P*

O 10.6 1.03 9.6 0.45 0.96
2 9.8 0.82 5.4 0.11 22.9
3 30.822.41(47.7) 4.4 0.06 51 .6(47.7)1

_ 17.8 4.29(52.3) _ 50.6(52.3)) &1"*

" The calculations were performed as described in Tabte 1.

Numbers in parentheses, percentage of each where two peaks were obtained.
' Number of breaks per 104 bases determined as a weighted average when two

peaks were obtained.

the 3-h chase following removal of cells from a 1-h pulse with
either [3H]FUra or pHJclThd. In control, an increase in radioactivity

in DNA was initially observed during the chase (representing
incomplete dilution of radiolabeled TTP pools by unlabeled TTP),
which subsequently plateaued after 1 h (a similar profile was
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FUra ALTERATION OF DMA SECONDARY STRUCTURE

obtained with cells pulsed with [3H]dThd in the presence of 50

iiM FUra, data not shown). In contrast, a time-dependent de
crease of the radioactivity in DMA was observed in the FUra-

treated cells which indicates FUra removal from DMA during the
chase.

The structural integrity of the newly synthesized DMA was
assessed during the chase following a 1-h incubation with [3H]-

dThd (Table 2). It should be noted that these calculations of
strand breaks in Table 2 were made when no further incorpora
tion of [3H]dThd into DMA was observed (see Chart 4). In control,
very few breaks were noted during the chase (0.85 breaks/104
bases to approximately 2.46 breaks/104 bases following a 3-h

chase). In contrast, DMA synthesized in the presence of FUra
showed a time-dependent increase in the average number of
breaks (0.96 breaks/104 bases to approximately 51.3 breaks/
10" bases following a 3-h chase). These data demonstrate that

additional DMA breaks occur during the chase in cells that had
been previously exposed to FUra. It is of interest that during the
period DMA strand breaks are observed there is concomitant
removal of FUra from newly synthesized DNA.

DISCUSSION

FUra has been thought to inhibit primarily DNA synthesis after
TMP depletion as a result of thymidylate synthase inhibition by
the FUra metabolite, FdUMP (1, 2). However, recent studies
examining human as well as murine tumor cell lines suggest
large free pools of FdUMP do not ensure the inhibition of thymi
dylate synthase (24, 25). We have previously demonstrated in
Cp! mouse bone marrow cells that cytotoxic concentrations of
FUra resulted in minimal inhibition of thymidylate synthase and
only a small fraction of the thymidylate synthase is FdUMP bound
(13).6 In these studies, we observed a dose-dependent inhibition

of DNA synthesis by FUra (13). These data suggest an alternate
mechanism for inhibition of DNA synthesis.

In the present study we have examined the effect of FUra on
newly synthesized DNA. Chart 1 demonstrated that in the pres
ence of increasing concentrations of FUra a decrease in DNA
synthesis was observed. Furthermore, the size of DNA strands
as determined by alkaline sucrose gradients decreased at the
higher concentrations of FUra. A possible explanation for the
decreased DNA synthesis and decreased DNA strand size ob
served in Chart 1 is chain termination by a nucleotide derivative
of FUra. Chain terminators typically inhibit DNA synthesis by
preventing DNA chain elongation, as has been shown with other
pyrimidine antimetabolites such as 1-/3-D-arabinofuranosylcytc-

sine (26, 27). Although chain termination by an FUra nucleotide
is a possible explanation, this seems unlikely for the following
reasons: (a) polymerase a has a similar Vmaxfor fluorodeoxyuri-

dine triphosphate and TTP (28); (o) the percentage of FUra
residues at the chain terminus does not increase as the concen
tration of FUra increases. This is in contrast to studies with 1-^-
D-arabinofuranosylcytosine which showed a correlation between
DNA synthesis inhibition and the percentage of 1-/3-o-arabinofu-

ranosylcytosine derivative at the chain termini (26, 27); (c) the
present studies utilize a new method to confirm that most of the
FUra derivative is found in the intemucleotide linkage (Chart 2);
and (d) the length of a single strand of DNa should only slightly

5 Unpublished observation.

elongate compared to control during a chase if FUra was a chain
terminator. This was not observed in the condition shown in
Chart 3. The decrease in strand length in Chart 3 might be
partially explained by inhibition of DNA synthesis (7,13) particu
larly during the initial hour of the chase, because [3H]dThd pools

can still be utilized (Chart 4). However, it should be noted that
after 1 h of chase, further DNA strand synthesis is no longer
detected. Thus the shorter DNA strands seen in Chart 3 are
strongly suggestive of DNA chain degradation during the addi
tional chase.

Other possibilities could account for the decreased DNA strand
length observed in Chart 1. For instance, FUra could be excised
by uracil glycosylase (14, 25) and the resulting AP site enzymat-

ically cleaved by an AP endonuclease (14) (uracil glycosylase
and AP endonuclease have been partially purified from these
cells). Enzymatic cleavage of an AP site would result in a DNA
strand break. In the present study (Table 1), we demonstrated
that DNA synthesized in the presence of 19 MMFUra had twice
as many breaks as did the control. Furthermore, as the concen
tration of FUra was increased from 19 to 100 tiM, a 4.5-fold
increase in DNA strand breaks was observed. Table 2 illustrates
the effect of increasing chase time on DNA synthesized in the
presence or absence of FUra. While very few strand breaks were
detected in newly synthesized DNA from control cells with in
creasing chase time, a number of DNA strand breaks in cells
exposed to 50 UM FUra greatly increased with increasing chase
time. These studies demonstrate that the secondary structure
of DNA is altered as a consequence of synthesis in the presence
of FUra, perhaps as a consequence of FUra excision from the
newly synthesized DNA.

Chart 4 shows a time-dependent excision of FUra from newly

synthesized DNA. This observation is consistent with a previous
report that FUra bases are excised from the DNA of the human
breast tumor, MCF-7 (29); however, the present study further

explores the relationship between FUra removal from DNA and
the integrity of the DNA strands. The present study shows that
over the same time period that FUra is removed from DNA (Chart
4) degradation of the DNA strand is observed (Chart 3). This
association between FUra removal and DNA chain degradation
is in agreement with the hypothesized molecular mechanism
involving both the excision of FUra by uracil glycosylase and the
subsequent cleavage of the AP site by an AP endonuclease (14,
30) (uracil glycosylase and AP endonuclease have been partially
purified from these cells). It shoud be noted that the degradation
of the DNA chain during the chase suggests repair is altered and
may reflect an alteration in the multistep repair process (30).
Consistent with these findings is the observation that the rein
sertion process of repair is inhibited in bone marrow cells at
concentrations of FUra greater than 50 ^w.6 However, the even

tual repair of these DNA lesions cannot be ruled out.
In summary, the present study has demonstrated: (a) FUra is

incorporated into newly synthesized DNA at concentrations that
have been demonstrated to inhibit DNA synthesis; (b) the location
of FUra derivative is mostly in the intemucleotide linkage and not
at the chain terminus; (c) a FUra concentration and time depend
ent production of DNA strand breaks occurs; and (d) the excision
of FUra from DNA is associated with the degradation of DNA
that had been synthesized in the presence of FUra. The alteration

6J. D. Schuetz and R. B. Diasio,manuscript in preparation.
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in secondary structure of DNA induced by FUra in bone marrow
cells is in agreement with similar observations by Cheng and
Nakayama (7) in a human leukemia cell line exposed to the FUra
derivative, FdUrd. These studies suggest a common mechanism
of fluoropyrimidine-induced cytotoxicity which deserves further

examination.

REFERENCES

1. Heidelberger,C. Fluorinatedpyrimidines.Prog. NucleicAcid Res. Mol. Btol.,4:
1-50, 1975.

2. Santi, D. V., McHenry, C. S., and Sommer, H. Mechanism of interaction of
thymidylate synthetase with 5-fluorodeoxyuridylate. Biochemistry, 73: 471-
481,1974.

3. Wilkinson, D. S., and Crumley, J. The mechanismof 5-fluorouridine toxicrty in
Novikoff hepatomacells. Cancer Res., 36: 4032-4038,1976.

4. Wilkinson, D. S., and Pitot, H. C. Inhibition of ribosomal ribonucleic acid
maturation in Novikoff hepatoma cells by 5-fluorouracil. J. Biol. Chem., 248:
63-68,1973.

5. Glazer, R. I., and Peal,A. L. Association of cell lethality with incorporation of
5-fluorouracil and 5-fluorouridine into nuclear RNA in human colon carcinoma
cells in culture. Mo). Pharmacol.,21: 468-473,1982.

6. Heidelberger,C., Danenberg,P. V., and Moran, R. G. Fluorinatedpyrimidines
and their nucleosides. Adv. Enzymol. Relat. Areas Mol. Biol., 54: 57-119,
1983.

7. Cheng, Y., and Nakayama, K. Effects of 5-fluoro-2'-deoxyuridine on DNA
metabolismin HeLa cells. Mol. Pharmacol.,23:171-174,1983.

8. Kufe, D. W., Scott, P., Fram, R., and Major, P. Biological effects of 5-fluoro-
2'-deoxyuridine incorporation in L1210 deoxyribonucleicacid. Biochem. Phar
macol., 32: 1337-1340, 1983.

9. Kufe, D. W., Major, P. P., Egan, E. M., and Loh, E. 5-fluoro-2'-deoxyuridine
incorporation in L1210 DNA. J. Bid. Chem.,256: 3385-3388,1981.

10. Danenberg, P. V., Heidelberger,C., Mulkins, M. A., and Peterson, A. R. The
incorporationof 5-fluorodeoxyuridylateinto DNAof mammaliancells. Biochem.
Biophys. Res. Commun., 702: 654-658,1981.

11. Lonn, V., and Lonn, S. Interaction between 5-fluorouracil and DNA of human
colon adenocarcinoma.Cancer Res., 44: 3414-3418,1984.

12. Sawyer, R. C., Stolfi, R. L., Martin, D. S., and Spiegelman,S. Incorporationof
5-fluorouracil into murine bone marrow DNA in vivo. Cancer Res., 44: 1847-
1851,1984.

13. Schuetz, J. D., Wallace, H. J., and Diasio, R. B. 5-Fluorouracil incorporation
into DNA of CF-1 mouse bone marrow cells as a possible mechanism of
toxkaty. Cancer Res., 44:1358-1363,1984.

14. Caradonna.S. J., and Cheng,Y. The roleof deoxyuridinetriphosphate nucleo-
tidohydrolase, uracil-DNAglycosylase, and DNA polymerase a in the metab
olism of FldR in human tumor cells. Mol. Pharmacol., 73: 513-520,1980.

15. Marmur, J. A. A procedure for isolation of deoxyribonucleic acid from micro
organisms.J. Mol. Biol., 3: 208-218,1961.

16. Josse, J., Kaiser, A. D., and Kornberg, A. Enzymatic synthesis of deoxyribo
nucleic acid. J. Biol. Chem.,236: 864-869, 1961.

17. Heins,J. N., Suriano,J. R., Taniachi, H., and Anflnsen, C. B. Characterization
of a nucleaseproduced by Staphylococcusaureus.J. Biol. Chem.,242:1016-
1021,1967.

18. Razell,W. E., and Khorana, H. G. Studies on polynucteotides.J. Biol. Chem.,
234:2105-2110,1959.

19. Collins, J. M. Structural changes in deoxyribonucleic acid during early stages
of lens regenerationin Triturus.J. Biol. Chem., 249:1839-1847,1974.

20. Martin, R. G., and Ames, B. N. A method for determining the sedimentation
behavior of enzymes: application to protein mixtures. J. Biol. Chem., 236:
1372-1379,1961.

21. McMaster, G. K., and Carmichael,G. G. Analysisof singleanddouble-stranded
nucleicacidson polyacrylamideand agarosegels by usingglyoxal and acridine
orange. Proc. Nati. Acad. Sci. USA, 74: 4835-4838,1977.

22. Sia, C. L., and Horecker, B. L. The molecularweight of rabbit muscle aldolase
and the properties of the subunits in acid solution. Arch. Biochem. Biophys.,
723:186-192,1968.

23. Studier, F. W. Sedimentation studies of the size and shape of DNA. J. Mol.
Biol., 77:373-390,1965.

24. Laskin, J. D., Evans,R. M.. Slocum, H. K., Burke, D., and Hakala, M. T. Basis
for natural variation in sensitivity to 5-fluorouracil in mouse and humancells in
culture. Cancer Res., 39:383-390,1979.

25. Berger, S. H., and Hakala, M. T. Relationshipof dUMP and free FdUMPpools
to inhibition of thymidylate synthase by 5-fluorouracil. Mo). Pharmacol., 25:
303-309,1984.

26. Tanaka, M., Yoshida, S., Saneyoshi, M., and Yamagachi, T. Utilization of 5-
fluoro-2'-deoxyuridine triphosphate and 5-fluoro-2'-deoxycytidine triphos

phate in DNAsynthesis by DNA polymerasea and ÃŸfrom calf thymus. Cancer
Res., 47; 4132-4135,1981.

27. Major, P. P., Egan, E. M., Herrick, D. J., and Kufe, D. W. Effect of Ara-C
incorporationof deoxyribonucleicacid synthesis incells. Biochem.Pharmacol.,
37: 2937-2940,1982.

28. Kufe, D. W., Major, P. P., Egan, E. M., and Beardsley, G. P. Correlation of
cytotoxicity with incorporation of Ara-C into DNA. J. Biol. Chem., 255: 8997-
9000, 1980.

29. Herrick, D. J., Major, P. P., and Kufe, D. W. Effect of methotrexate on
incorporationandexcisionof 5-fluorouracilresiduesinhumanbreastcarcinoma
DNA. CancerRes., 42:5015-5017,1982.

30. Lindahl, T., Ljungquist, S., Siegert, N., Nyberg, B., and Sperens, B. DNA W-
glycosidases.J. Btol. Chem.,252: 3286-3294,1977.

CANCER RESEARCH VOL. 46 JANUARY 1986

123

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2424193/cr0460010119.pdf by guest on 19 M

ay 2023




