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tumors, and its metabolism has been studied in detail (2, 3, 10,
14, 36). Most investigators believe that the cytotoxic and
chemotherapeutic effects of this drug result primarily from
inhibition of thymidylate synthetase by the active metabolite,
FdUMP; in the presence of CH2-H4folate,a covalent bond is
formed (5, 30, 31) which, although reversible, has a sufficiently
long half-life to prevent dTMP synthesis. FUra is also exten
sively incorporated into RNA, and its effects on RNA synthesis
and maturation (38, 40) also appear to contribute significantly
to the cytotoxicity of the drug. In addition, it is possible that
nucleotide metabolites of FUra may affect other aspects of
intermediary metabolism and macromolecular synthesis nec
essary for cell proliferation.

Thus far, a unified mechanism for FUra action has not been
established and indeed may not exist. It appears possible that
the biochemical determinants of FUra action vary in different
cells as a resultofdiffenng susceptibilitiesto potential cytotoxic
events and variations in FUra metabolism. Examination of the
activities of several enzymes involved in FUra metabolism (5,
8, 16, 17, 27, 29), of the inhibition of DNA synthesis in the
presence of FUra (19, 25) or of FdUMP and dUMP pools
following drug administration (1, I 9, 24, 26) have illustrated
the presence of measurable differences in these biochemical
parameters among various cells and tissues.

In this paper, we describe simple procedures which permit
simultaneous analysis of the intracellular FdUMP-CH2-H4folate
TS complex, FUra incorporation into ANA, and intracellular
FUnametabolism in tissue culture cells. This methodology has
been used to ascertain intracellular levels of thymidylate syn
thetase and to monitor certain kinetic parameters of the intra
cellular interaction of FdUMP with this enzyme. While the
methodology described here was developed using FdUrd, it is
directly adaptable to studies involving FUra; further, with slight
modification, it should be possible to assess many of the

aforementioned parameters in experimental animal tumor
models as well as tissue culture cells. It is anticipated that if
numerous parameters can be assessed easily, one or more
may correlate with observed drug cytotoxicity and hopefully
provide insight into the differential effects of FUnaon various
cells and highlight potential avenues for metabolic manipulation
of these effects.

MATERIALS AND METHODS

Chemicals. FdUrd was obtained from the Division of Cancer
Treatment, National Cancer Institute, Bethesda, Md., and
FdUMP was obtainedfromTerra Marine Bioreseanch,La Jolla,
Calif. [6-3H]FdUrd and [6-3H]FUra were purchased from Mona
vek Biochemicals, City of Industry, Calif. The corresponding
nucleotide was prepared using Escherichia coli thymidine ki
nase (37). [2-14CjUridmneand [5-3H]unidine were purchased
from Amersham/Searle, Arlington Heights, Ill. Tetrahydrofolic
acid was prepared from folic acid (Sigma Chemical Co., St.
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Methods have been developed to assay several aspects of
5-fluoro-2'-deoxyunidine and 5-fluorouracil metabolism in tis
sue culture cells. These methods allow measurement of (a)
intracellular levels of the covalent complex formed between 5-
fluono-2'-deoxyuridine 5'-monophosphate (FdUMP), 5,10-
methylenetetrahydrofolate, and thymidylate synthetase; (b) in
corporation of drug into RNA; and (C) analysis of drug metab
olites. The methods were developed using radioactively labeled
drugs, but they should be adaptable to studies using nonla
beledcompounds.

Sephadex G-25 chromatography or tnichloroacetic acid pre
cipitation were utilized for isolation of the macromolecular cell
fraction; prior treatment of this fraction with RNase or heating
at 65Â°for 15 mm resulted in selective removal of RNA or the
thymidylate synthetase complex, respectively, from the precip
itable fraction. Free intracellular drug metabolites present in
the acid-soluble fraction were analyzed by high-pressure liquid
chromatography.

Following incubation of HTC cells with [6-3HJ-5-fluoro-2'-
deoxyunidine, a radioactive macromolecule was isolated and
identified as a FdUMP-5,l 0-methylenetetrahydrofolate-thymi
dylate synthetase complex. Intracellular formation of this com
plex was shown to be dependent on the presence of the
enzyme thymidine kinase. Dissociation of the complex in vivo
was first order with a t112of 6.2 hr; in contrast, a t112of 2 hr
was determined for dissociation of the complex in cytosol.

Incubation of Ll 210 cells with [6-3H]-5-fluorouracil for 22 hr
resulted in formation of 80 fmol of FdUMP-5,l 0-methylene
tetrahydrofolate-thymidylate synthetase complex pen106cells,
as compared with 400 fmol of drug incorporated into RNA per
10@cells. Intracellular FdUMP could not be detected in the
acid-soluble fraction of these cells unless the cells were first
heated to dissociate the complex.
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Louis, Mo.) by the procedure of Hatefi et al. (13). Solutions of
CH2-H4folate (30 mM, pH 9.5) were stoned under vacuum at
â€”80Â°in 0.12 M$-mercaptoethanol and 30 mMformaldehyde.
RNase A (3000 units/mg) was obtained from Worthington
Biochemicals, Freehold, N. J., and stored at â€”20Â°in 0.1 M
sodium acetate, pH 5 (20 mg/mI). All other chemicals were of
analytical grade.

Cells, Media, and Cytosol Preparation. HTC-4 cells, a sub
clone of Buffalo rat hepatoma tissue culture cells (33), were
grown as suspension cultures in Swims 77 medium supple
mented with 10% heat-treated (56Â°,30 mm) horse serum. 5-
49 (1 5) and S-49/TK mouse lymphoma cells and Ll 210
mouse leukemia cells were maintained in Dulbecco's modified
Eagle's medium supplemented with 10% heat-treated horse
serum. The S-49/TK strain (BU-S-M-bromodeoxyunidine-40-
3) was selected for resistance to bnomodeoxyunidine and was
shown to be deficient in thymidmnekinase activity (34).

To obtain cell cytosol, exponentially growing cell cultures (2
to 5 x 10@cells/mI for HTC-4 cells; 5 to 9 x 1O@cells/mI for
5-49 cells) were harvested by centnifugation at 4Â° (1 000 x g

for 5 mm), washed twice with cold phosphate-buffered saline
(0.1 37 M NaCl:2.7 mM KCI:8 mM Na2HPO4:l .47 m@ KH2PO4:
0.68 mM CaCI2:0.49 mM MgCI2)(6), and resuspended in 1 ml
of ice-cold 20 mM sodium phosphate, pH 7.3:10 m@fJ-men
captoethanol (Buffer A). The cell suspension was sonicated
(Bronwill Biosonik; p140; 20 sec), and cell debris was removed
by centnifugation (4Â°,1000 x g for 5 mm). The number of cells
harvested varied with the particular experiment.

General Technology. Protein concentrationswere deter
mined by the method of Lowry et al. (23), using bovine serum
albumin as a standard. Radioactivity measurements were per
formed on a Nuclear Chicago Isocap 300 liquid scintillation
counter. Calculations (dpm) were performed by the external
standard ratio method and were aided by a Hewlett-Packard
tape-fed computer. For liquid scintillation counting, a fluid
containing 0.4% Omnifluor in xylene:Tniton X-l 14 (3:1 ) was
used. Slab gel electrophoresis was performed by the method
of Fairbanks et al. (9). Gels were 11% in polyacrylamide,
containing 0.1 % SDS. Radioactive T4 phage proteins were
used as molecular weight standards (28). Fluonography was
performed accordingto the procedure of Laskey and Mills

(21).
Cytotoxicity Determinations. Cells (6 to 9 x 10@)were

suspended in 1 ml of their original growth medium containing
specified inhibitors and incubated at 37Â°for 49 to 72 hr. Cell
number was determined on a Coulter counter ZB1 and maxi
mally increased 10- to 20-fold over that inoculated. ECsovalues
refer to the concentration of inhibitor necessary to inhibit cell
growth by 50% compared to controls grown under identical
conditions except that the inhibitor was omitted (12).

In Vitro Preparation of (3H]FdUMP-CHrH4Folate-TS Corn
plex. Cell cytosol (0.2 ml) was passed through a Sephadex G
25 column (0.7 x 13 cm) equilibrated and eluted with Buffer
A to remove low-molecular-weight compounds. Column frac
tions (void volume) containing macromolecules were pooled
(1.5 ml). [6-3H]FdUMP (4 Ci/mmol; final concentration, 0.58
@sM)and CH2-H4folate(final concentration, 60 @sM)were added
to the pooled fractions, and the mixture was incubated at 4Â°
for I hr. [3H]FdUMP-CH2-H4folate-TScomplex was separated
from free [6-3H]FdUMP by Sephadex G-25 chromatography (1
x 27 cm; Buffer A). Control incubations in which CH2-H4folate

was omitted had less than 5% of the macromolecular-bound
radioactivity observed in the experimental sample.

Measurement of Macromolecular-bound Radioactivity in
Cells Exposed to (6-3H]FdUrd. Cells exposed to [6-3H]FdUrd
were pelleted by centnifugation at 4Â°(1000 x g, 5 mm) and
washed with ice-cold phosphate-buffered saline. The cell pellet
was resuspended in ice-cold Buffer A, and cell cytosol was
prepared as described above. Macromolecular-bound radio
activity present in cytosol was quantitated by either of 2 meth
ods. In Method 1, Sephadex G-25 chromatography, cytosol
(0.1 5 to 0.2 ml) was applied to a Sephadex G-25 column (1
x 27 cm), equilibrated at 4Â°with Buffer A, and eluted with this
buffer. Column fractions (0.4 ml) were collected directly into
scintillation vials, and the samples were analyzed for radioac
tivity. This method routinely gave a clean separation between
macnomolecular-bound radioactivity and that present as low
molecular-weight compounds. Repeated determinations of
macnomolecular-bound radioactivity for a single sample ex
hibited a standard deviation of 3.3% (n = 5). In Method 2, TCA
precipitation, an aliquot of cell cytosol was mixed with 10
volumes of ice-cold 5% TCA, the precipitate was collected by
suction onto 2.4-cm Whatman GF/C glass fiber filters, and the
filters were washed twice with 2.5 ml ice-cold 5% TCA. The
filters were then placed into glass scintillation vials to which
was added 0.5 ml of Protosol (New England Nuclear, Boston,
Mass.). After incubation of the tightly covered vials at 68Â°for
30 mm, 0.05 ml of glacial acetic acid was added, followed by
10 ml of scintillation fluid. This assay was linear for samples
containing 0.035 to 0.6 mg of protein. Control assays, per
formed on cytosol prepared from cells incubated with [6-3H]-
FdUnd in the presence of a 500-fold excess of nonlabeled
FdUrd, demonstrated that nonspecific binding of radioactivity
was negligible oven the entire range of the assay. The amount
of macromolecular-bound radioactivity as determined by this
method was approximately 90% of the value obtained by
Sephadex G-25 chromatography for an identical sample.

HPLC Analysisof (6-3H]FdUrd Metabolites. The incubation
medium and cell washings from cells incubated with [6-3HJ
FdUndwere combined. An aliquot of this solution (0.3 ml) was
combined with authentic samples of FUra and FdUrd and
analyzed by HPLC using a Lichnosorb RP-l 8 column (4.6 x
250 mm) with H2Oas the eluant.

Nonpermeable intracellular metabolites of [6-3H]FdUrd were
obtained by pooling the low-molecular-weight fractions from
Sephadex G-25 chromatography of cytosol from cells incu
bated with [6-3HlFdUrd. The combined fractions were lyophi
lized to dryness and nedissolved in H2O. After the addition of
authentic markers, the sample was analyzed by HPLC using
an Aminex A-27 column (4.6 x 150 mm) with 0.4 M NH4HCO3
in H2O containing 8% n-propyl alcohol, pH 9 (11), as the
eluant.

Both HPLC columns were purchased from Altex Scientific
Inc., Berkeley, Calif.

Identity of Radioactive Macromolecular-bound Ligand. The
macromolecular radioactive fraction found in HTC cells ex
posed to [6-3HJFdUrd was isolated by Sephadex G-25 chro
matography. This fraction (3 ml) was placed at 65Â°,aliquots
(0.05 ml) were removed at intervals, and the amount of mac
romolecular-bound radioactivity remaining was assayed (using
TCA precipitation onto glass fiber filters as described above) at
each time point.
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Following exposure to 65Â°for 20 mm, a portion ofthe sample
was deproteinized using cold 5% TCA. The acid-soluble frac
tion, after the addition of authentic markers, was analyzed by
HPLC using a Lichrosorb RP-l 8 column (4.6 x 250 mm) with
5 mM tetrabutylammonium hydrogensulfate:5 mM potassium
phosphate, pH 7. Fractions were collected and analyzed for
radioactivity by liquid scintillation counting. The retention vol
umes of the authentic standards in this system are: FUra, 5.6
ml; FUrd, 11.2 ml; FdUrd, 12.8 ml; FUMP, 26 ml; FdUMP, 40.8
ml; higher nucleotides still retained at this volume were eluted
with methanol (see Chart 5).

A portion of the acid-soluble material (0.2 ml) was combined
with potato acid phosphatase (0.01 ml; P-L Biochemicals,
Milwaukee, Wis.) in 0.1 ml 0.4 M sodium acetate buffer (pH 5).
After incubation at 37Â°for 2 hr, authentic markers were added,
and the reaction products were analyzed by HPLC (Licrosorb
RP-1 8, H2O as the eluant). Retention volumes in this system
are: FdUMP, 2.8 ml; FUra, 5.6 ml; FUrd, 13.2 ml; FdUnd, 20.8
ml. The presence of radioactivity was again determined by
liquid scintillation counting.

A sample of the acid-soluble material (0.1 ml) was also
treated with 0.4 @d0.5 M sodium peniodate and 5 @zl4 M
methylamine phosphate, pH 7, at 37Â°for 1 hr. The reaction
was stopped with the addition of 5 @tl1 M rhamnose, the
reaction products were analyzed by HPLC (Lichrosorb RP-l 8
column, H2O), and fractions were assayed for radioactivity.
This treatment will convert nibonucleotides to the correspond
ing bases while leaving deoxyribonucleotides unchanged.5

Measurement of in Vivo Metabolism of [6-3H]FUra. Expo
nentially growing LI 210 cells were harvested and resuspended
at a density of 4 x 10@cell/mI in fresh medium containing [6-
3HJFUra(20 Ci/mmol; final concentration, 0.25 @sM).The cells
were maintained at 37Â°in a CO2 incubator for 22 hr, at which
time the cells were harvested and washed twice with ice-cold
phosphate-buffered saline. The cell pellet was resuspended in
1 ml of this buffer, and cell cytosol was prepared.

Total macromolecular-bound radioactivity (FdUMP-CH2-
H4folate-TS complex and RNA) was determined using TCA
precipitation as described above. To quantitate the amount of
ternary complex, an aliquot of cytosol was treated with RNase
A (600 units/0.6 mg cytosol) at 37Â°for 5 mm prior to assay for
macromolecular-bound radioactivity. Incorporation of [6-3H1-
FUra into RNA was measured by heating an aliquot of the
prepared cytosol to 65Â°for 15 mm to destroy any [3HIFdUMP
CH2-H4folate-TScomplex present. Remaining macromolecular
bound radioactivity was then determined by TCA precipitation.

Intracellular metabolites were isolated from the cell cytosol
by the method of Khym (18). Following the addition of authentic
markers, the sample was analyzed by HPLC, using a Lichrosorb
RP-l 8 column (4.6 x 250 mm) with 5 m@tetrabutylammonium
hydrogensulfate:5 mMpotassium phosphate, pH 7, followed by
methanol as the eluant.

RESULTS
Characterization of (3H]FdUMP-CH@-H4Folate-TSComplex

in Cytosol. The characteristicsof the ternary complexformed
in vitro between FdUMP, CH2-H4folate,and thymidylate synthe
tase have been described previously (5, 31). However, as
these studies used purified thymidylate synthetase from Lac
tobacillus casei, we examined the stability of a ternary complex

S C.Garrett and D. V. Santi, Anal. Biochem. , submitted.

in which HTC cell cytosol was used as the source of thymidylate
synthetase. The complex formed when [3H]FdUMP, CH@
H4folate,and HTCcell cytosol are incubated together is isolable
by Sephadex G-25 filtration or TCA precipitation; omission of
folate cofactor from the incubation mixture reduced the amount
of complex isolated by >95%. The ternary complex formed in
cytosol is stable to protein denaturation in 1% SOS (100Â°,2
mm) and to digestion by RNase (37Â°for 30 mm) but is com
pletely dissociated by incubation at 65Â°for 15 mm in the
absence of SDS. SOS gel electrophoresis of cytosol containing
[3H]FdUMP-CH@-H4folate-TScomplex demonstratedthe pres
ence of one radioactive band with a molecular weight of
34,000; no radioactive bands were detected in a control sam
pIe in which CH2-H4folate was omitted from the in vitro incu
bation. All of these characteristics are similar to those found
for the ternary complex formed using the purified bacterial
enzyme.

Isolation of [3H]FdUMP-CH@-H4FoIate-TSComplex from
Cells Incubated with [6-3H]FdUrd. Sephadex G-25 chroma
tography of cell cytosol obtained from HTC cells which were
incubated for 2 hr at 37Â°with [6-3H]FdUrd results in the
radioactivity profile shown in Chart 1. Two peaks of radioactiv
ity, one corresponding to macromolecular-bound radioactivity,
the other corresponding to radioactivity present as low-molec
ular-weight compounds, are observed. The macromolecular
bound radioactivity present in this cytosol (0.86 pmol/l O@
cells) is stable to denaturation with 1% SDS (100Â°,2 mm) or
digestion by RNase, properties aiso exhibited by the [3H]-
FdUMP-CH2-H4folate-TS complex formed through direct incu
bation of [6-3H]FdUMP and CH2-H4folate with cell cytosol in

C.)

0

x

a-
0

10 20 30 40 50
FRACTION

Chart 1. Sephadex G-25 chromatography of cytosol from HTCcells incubated
with [6-3H@dUrd. Exponentially growing HTC cells were harvested and resus
pended In fresh medium (2 ml) at a density of 3 x 106 cells/mI. [6-3HFdUrd (6
Ci/mmol; final concentration, 50 nM) and folinic acid (final concentration, 20
@,.i)wereadded, and the cell suspension were incubated at 37Â°for 2 hr. Cytosol

was prepared from these cells as described In â€œMaterialsand Methods.â€•Aliquots
of cytosol (0.2 ml) were subjected to Sephadex G-25 chromatography untreated
(â€¢):aftertreatmentwithI %SOS,I00Â°for2mm(0);orafterheatingat65Â°for
15 mm (A).
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Table1Cytotoxicity
of FdUrd and measurement of FdUMP-CH2-H4folate-TScomplexCell

typeEC,,@ FdUrd (nM)aFdUMP-CH@-H4folate-TS

corn
plex (pmol/ 106cells)lntracellularb

InvitroC5-49

S-49/TK
HTC0.84

>2000
50.18

0.3
<0.04 0.4

0.87 1.2

w. L. Washtienand D. V. Santi

vitro. In addition, the macromolecular-bound radioactivity iso
lated from cells incubated with [6-3HJFdUndis labile to heating
at 65Â°for 15 mm, a property again observed with complex
formed in vitro using cell cytosol. The dissociation of macno
molecular-bound radioactivity at 65Â°is a first-order process
with a 1/2 of 2.5 mm. The radioactive ligand released from the
macromolecular fraction during this heating was identified as
FdUMP by (a) its comigrationwithauthenticFdUMP, usingthe
HPLC system illustrated in Chart 5; (b) its quantitative conven
sion to FdUrd by the action of acid phosphatase; and (C) its
resistance to peniodate oxidation. When the initial incubation
of HTC cells with [6-3H]FdUrd is done in the presence of a 500-
fold excess of nonlabeled FdUrd, radioactivity is apparent only
in the low-molecular-weight fraction, indicating that nonspecific
binding of radioactivity to cellular macromolecules is negligible.

The 3H-macromolecular fraction isolated by Sephadex G-25
chromatography of cell cytosol prepared from HTC cells incu
bated with [6-3H]FdUrd was subjected to SDS gel electropho
resis. Fluorographic analysis of the gel demonstrated the pres
ence of only one radioactive band with a molecular weight of
approximately 35,000. This is similar to the molecular weight
of 34,000 determined for the FdUMP-CH2-H4folate-TScomplex
formed by direct incubation of cell cytosol, [6-3HJFdUMP,and
CH2-H4folate and to the molecular weight reported for the
ternary complex formed in Ll 210 cells (35).

During these experiments, it was observed that there was a
small, but reproducible, difference with a molecular weight of
approximately 1000 between the ternary complex formed in
cells incubated with [6-3H]FdUnd and that formed by direct
incubation of [6-3H]FdUMP, CH2-H4folate,and cell cytosol. The
complex formed intracellularly possesses the slightly higher
molecular weight. This difference is currently believed to reflect
the fact that the complex formed by direct incubation with [6-
3H]FdUMP uses CH2-H4folate,while the complex present in
cells incubated with [6-3HJFdUrd utilizes intracellular tetrahy
drofolates which are known to exist as polyglutamate deniva
tives.

The low-molecular-weight fraction isolated by Sephadex G
25 chromatography of cytosol from HTC cells incubated with
[6-3H]FdUrd was also examined. HPLC demonstrated that all
of the radioactivity in this fraction eluted with authentic FdUMP;
approximately 300 fmol of free intracellular FdUMP were pres
ent per 10@cells.

FdUMP-CH1-H4FoIate-TSComplex Formation as a Reflec
tion of Cellular Metabolism. Table 1 showsthe effect of FdUnd
on the growth of 2 5-49 cell lines, wild type and a mutant
(S49/TK) which lacks thymidine kinase, the enzyme respon
sible for the conversion of FdUrd to FdUMP. As shown, while
FdUrd has an ECsoof 0.8 nM in the wild-type cells, the 5-49/
TK cell line is resistant to the cytotoxic effects of FdUnd at
concentrations as high as 2 ELM.Each of these cell lines was
incubated with [6-3H]FdUrd at 37Â°for 1 hr. At the end of this
time, the amount of[3HJFdUMP-CH2-H4folate-TScomplex pres
ent in the cytosol of each cell line was quantitated. The results
(Table 1) demonstrate that, under identical conditions, complex
was formedin the 5-49 wild-typecellsbutwas undetectablein
the S-49/TK' , FdUrd-resistant strain.

It was considered possible that the S-49/TK cell line dif
fered from wild-type cells not only in thymidine kinase activity
but also in the amount of thymidylate synthetase present in the
cells. Such a condition could produce the results observed,

a Determined as described in â€˜MaterialsandMethods.â€•

b Cells in exponential growth were spun down and resuspended at a density

of 5 x 106 cells/mI in fresh medium (5 ml). [6-3H)FdUrd (6 Ci/mmol; final
concentration, 50 nM) and folinic acid (final concentration, 20 @M)were added,
and the suspensions were incubated at 37Â°for 1 hr. At the end of this time, cell
cytosol was prepared, and the amount of [3HJFdUMP-CH@-H4foIate-TScomplex
was determined by Sephadex G-25 chromatography.

C Determined as described in â€œMaterials and Methods.â€•

even if [3H]FdUMP were being formed. To explore this possi
bility, in vitro titration (using [6-3H]FdUMP and CH2-H4folate) of

thymidylate synthetase present in the cell cytosol of each cell
line was performed. The results (Table 1) indicate that there is
no significant difference in the concentration of thymidylate
synthetase in the 2 cell lines and support the fact that the
differences in complex formed during incubation with [6-3HJ
FdUrd are indeed a reflection of the thymidine kinase activities
of each cell line.

Also included in Table 1 are similar data for the HTC cell
line. This cell line is sensitive to FdUrd (ECso, 5 nM) and, as
previously described, forms a [3H]FdUMP-CH2-H4folate-TS
complex when incubated with [6-3H]FdUrd. The amount of
titratable enzyme present per cell is somewhat greater than
that seen for the 5-49 cell line.

Kinetics of Formation and Breakdown of Intracellular
FdUMP-CHrH4FoIate-TS Complex. The amountof intracellular
[3H]FdUMP-CH2-H4folate-TScomplex formed over time in HTC
cells incubated with [6-3H]FdUrd was followed using TCA pre
cipitation (see â€˜â€˜Materialsand Methods' â€˜)and is shown in Chart
2 (â€¢);the amountof complexreached a plateauafter approx
imately 20 mm. A plateau level was always reached during
such measurements. The maximum value of complex formed
per 106 cells, however, varied with the cell density during
incubation; the highest values were obtained at densities of 1
x 1O@cells/mI on lower.

The rate of dissociation of the intracellular FdUMP-CH2-
H4folate-TS complex was determined by the use of isotope
dilution. After a 1-hr incubation of HTC cells with [6-3H]FdUnd
to allow formation of an equilibrium value of complex, cells
were pelleted and resuspended in fresh medium containing
nonradioactive FdUrd. Once inside the cells, this compound is
phosphorylated and provides a large nonradioactive pool of
FdUMP. [3H]FdUMP,when releasedfromthe [3H]FdUMP-CH2-
H4folate-TS complex, is diluted into the nonradioactive pool,
preventing recombination of the radioactive ligand with the
enzyme; the loss of macnomolecular-bound radioactivity re
flects the intracellular rate of dissociation of FdUMP from the
ternary complex. Chart 3 demonstrates that the dissociation is
a first-order process with a half-time for dissociation of the
intracellular complex (at 37Â°)of 6.2 hr. In the absence of added
unlabeled FdUrd, less than 3% dissociation of the 3H complex
was observed oven a period of 7 hr. The rate of in vivo
dissociation was compared to that of [3H]FdUMP from an
FdUMP-CH2-H4folate-TS complex in HTC cell cytosol (Chart
3). The half-time for dissociation in crude cytosol was found to
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in the absence of a large pool of nonradioactive FdUMP,
dissociation was negligible.

Simultaneous Measurement of Incorporation of FUra Into
FdUMP-CH@-H4FoIate-TSComplex and RNA. Chart 2 illus
trates the incorporation of radioactivity into TCA-precipitable
material in cells inÃ³ubatedwith [6-3H]FdUrd. When the cytosol
from such cells is exposed to RNase at 37Â°for 5 mm prior to
TCA precipitation, values are obtained which are greater than
90% of those obtained from TCA precipitation of untreated
samples. In contrast, when the cytosol is exposed to 65Â°for
15 mm prior to precipitation, only 2% of the radioactivity
remains bound to macromolecular material. To examine the
stability of radioactivity incorporated into RNA during the above
procedures, cells were incubated with [5-3H]uridine, rather
than [6-3H]FdUrd. Treatment of cytosol from these cells with
RNase prior to acid precipitation resulted in the loss of all
radioactive material (>93%) from the macromolecular fraction,
while acid-precipitable radioactivity was stable (<7% loss) to
prior heating at 65Â°for 15 mm.

Chart 4 demonstrates an experiment in which the situation
of incorporation of radioactivity from FUra into both RNA and
FdUMP-CH@.-H4folate-TScomplex is simulated by the simulta
neous incubation of cells with both [6-3H]FdUrd, which is
incorporated into the ternary complex, and [2-'4C]unidine,
which labels the cellular RNA. The amount of TCA-precipitable
radioactivity present in cell cytosol is then determined and
compared with values obtained by TCA precipitation after
treatment of the cytosol with RNase (37Â°,5 mm) or at 65Â°for
15 mm. The results for each isotope are shown separately and
demonstrate that a combination of these 2 treatments will allow
simultaneous determination of the amount of radioactive incor
poration into both RNA and FdUMP-CH2-H4folate-TScomplex
in one sample.

Analysis of (6-3H]FUra Metabolism In L1210 Cells. The
incorporation of radioactivity into cellular RNA and into a
FdUMP-CH2-H4folate-TS complex was determined in Ll 210
cells which were incubated with [6-3H]FUra. Sixteen % (80
fmol/l 0@cells) of the total macromolecular-bound radioactivity
contained in these cells was present as an FdUMP-CH2-

a
x

a.
0

MINUTES
Chart 2. IncorporatIon of [6-3HFdUrd into FdUMP-CH@-H4folate-TScomplex.

Exponentially growing HTC cells were spun down and resuspended at a density
of 2 x 10@cells/mI. Following the addition of [6-3H)FdUrd (21 Ci/mmol; final
concentration, 0.05@ the cell suspension was placed at 37Â°.At the indicated
times, 1-ml aliquots of the suspension were removed and diluted into 10 ml of
ice-cold phosphate-buffered saline. After all the time points were withdrawn, the
cells were pelleted, and cytosol was prepared for each time point. TCA precipi
tation was performed on the cytosol (0.3 ml) directly (C), after treatment with
RNase @;i,or after exposure to 65Â°for 15 mm (0). Each point represents the
average of 3 determinations.

x

3

2

250
MINUTES

Chart 3. Breakdown of [3HFdUMP-CH,-H4folate-TS complex in vivo and in
cytosol. Intracellular [@H@dUMP-CH@-H4foIate-TScomplex was formed by incu
bation of HTC cells (6 x 1 @6cells/mI) with [6-3H]FdUrd (6 CI/mmol; final
concentration, 50 flM) at 37Â°for 1 hr. After this time, the cells were pelleted and
resuspended at a density of 6 x 10' cells/mI in fresh medium (0) or in fresh
medium containing nonradioactive FdUrd (30 nM) @L.The suspensions were
placed at 37Â°,and aliquots of each cell suspension were withdrawn at time
intervals. The amount of [3HJFdUMP-CH2-H4folate-TScomplex present was de
termined by TCA precipitation. In addition, HTC cell cytosol containing [3H]-
FdUMP-CH@-H4folate-TScomplex was made 2 m@In CH@-H4folateand 20 i.i In
nonradloactive FdUMP and placed at 37Â°.Allquots of the cytosol were withdrawn
and subjected to TCA precIpitation (â€¢).All points represent the average of 3
determinations.

@ â€”

â€˜C

a-
0

0
â€¢0

â€˜C

9

be approximately 2 hr, or 3 times faster than dissociation in
intact cells. The values for the rate of dissociation in cell cytosol
were identical whether the [3H]FdUMP-CH2-H4folate-T5 com
plex was formed by incubation of the HTC cells with [6-3HJ
FdUrd and subsequent cell disruption or by direct incubation
of HTC cell cytosol with [6-3H]FdUMP and CH2-H4folate.Again,

0 20 40 60

MINUTES

Chart 4. Incorporation of [6-3H]FdUrd and [2-'4C]uridine into Intracellular
macromolecules. Experimental procedure was identical to that described for
Chart 2 with the exception that the cells were incubated simultaneously with [6-
3HJFdUrd(21 Ci/mol; final concentration, 0.04 @u.i)and [2-'4CJurldlne (58 mCI!
ml; final concentration, 8.6 g@M).â€¢,direct precipltate; 0, RNase treatment; A,
65Â°for 15 mm.
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H4folate-TS complex; the remainder of the radioactivity in this
fraction (400 fmol/1 0@cells) represented incorporation of [6-
3H]FUra into cellular RNA.

Analysis of the intracellular nucleotide pool of these cells is
shown in Chart 5. No radioactivity was apparent in the region
of the chromatogram corresponding to the nucleotide FdUMP;
the major radioactive species present are FUMP and di- and
tniphosphates, which were not separated. To investigate the
apparent absence of FdUMP in these cells, cell cytosol was
subjected to heating at 65Â°for 15 mm prior to extraction of the
intracellular nucleotide pool. This procedure would release any
FdUMP present as FdUMP-CH2-H4folate-TScomplex. Follow
ing this treatment (Chart 4), those fractions corresponding to
authentic FdUMP were found to contain radioactivity. The
amount of [3H]FdUMP recovered by this procedure represents
50 fmol of FdUMP-CH2-H4folate-TScomplex per 106 cells, on
62% of the value obtained by direct measurement of ternary
complex. No other new radioactive compounds were formed
during heating, although a loss of radioactivity from the FUMP
fraction occurred with an increase in radioactivity in the region
of the chromatogram corresponding to FUndand FdUnd. This
breakdown, which has been shown to be due to the action of
phosphatases present in the cell cytosol, is thought to be
responsible for the lower value of FdUMP-CH2-H4folate-TS
complex determined by measurement of released FdUMP as
compared with that obtained by direct precipitation of the
complex. Recent experiments have demonstrated that this
breakdown can be prevented by bringing the concentration of
phosphate in the cell cytosol to 0.05 M prior to heating.

DISCUSSION

Methodology has been developed which allows determina
tion of several important aspects of FUra and FdUrd metabolism
in a single small sample of cells. The procedures are summa
nized in Chart 6. Cells are exposed to the radioactive drug,
harvested, and washed with cold phosphate-buffered saline.

dl. SrI
phosphat.s

MEOH

cau.s+[3Hjraurd.[3H]FUr.

@ wash

SUPERNATANT: PILLET
UNMITABOLIZED DRUG.
PIRMEARLI CATASOLITES @son,cote

CELL CYTOSOL

R@65o@5@

@ 3HjFdU MP.CH2-H4 FOLATE. ACID.SOLUBLE
TS-COMPIIX FRACTION:

INTRACELLULAR
NUCLEOTIDE POOL

[3H]rUro.RHA

Chart 6. Summary of methods for analysis of FdUrd and FUra metabolism.

The combined media and washings can be analyzed by HPLC
to identify and quantitate unreacted drug and cell-permeable
metabolites. After disruption of cells, gel filtration or TCA
precipitation is used to separate macromolecules from low
molecular-weight compounds. The latter fraction may be di
rectly applied to HPLC for assessment of the metabolism of the
radioactive drug. In addition, the acid-soluble fraction can be
analyzed by HPLC to determine the effect of the drug on
nucleotide pool sizes. Analysis of the radioactivity in the mac
romolecular fraction provides an assessment of the amount of
drug both incorporated into RNA and bound to thymidylate
synthetase. When incorporation of the drug into both compo
nents is possible, techniques are used which selectively de
stroy each prior to analysis of macnomolecular radioactivity.
RNA can be hydrolyzed by RNase under conditions where the
FdUMP-CH2-H4folate-TScomplex is stable. Likewise, the ten
nary FdUMP-CH2-H4folate-TS complex can be disrupted by
heating at 65Â°without destruction of RNA. Thus, using 10@to
108 cells, it is feasible to analyze FUra incorporation into RNA,
FdUMP bound to thymidylate synthetase, drug metabolites,
and nucleotide pool sizes.

When HTC cells are exposed to [6-3H]FdUnd for 2 hr, all
intracellular macromolecular-bound radioactivity is present as
a FdUMP-CH2-H4folate-TScomplex. This is demonstrated by
comparison of the properties of this macromolecular-bound
radioactivity with those of the complex formed using [6-3H}.
FdUMP, CH2-H4folate,and cytosol from untreated cells, as well

FUMP as with the well-characterized ternary complex formed with L.10
casei thymidylate synthetase (5, 31). As with complexes
formed in vitro, macromolecular-bound radioactivity isolated
from cells treated with [6-3HlFdUrd was resistant to RNase,
precipitable with TCA, stable to SDS, and could be dissociated

C.)
I to provide free [3H]FdUMP by heating at 65Â°. In addition, this
0

radioactive fraction migrated in SOS gel electrophonesis with a
x FdUrd subunit molecular weight of 35,000, which is similar to the@ 5,
a. PUrd

molecular weight reported for FdUMP-CH2-H4folate-TS com0
FdUMP

plex by others (7, 20, 35). The only low-molecular-weight
intracellular drug metabolite found by HPLC analysis was
FdUMP. In a similar experiment with 5-49 cells, nucleotide pool
sizes were determined following incubation of cells with 10 np,i
FdUrd; after 3 hr, decreases in dTTP (18% of control) and

10 20 30 40 50 60 70 dGTP (35%) were observed, with no change in dCTP levels

and an increase in dATP (1â€˜19%)â€¢6
FRACTION

Treatment of cells with excess [6-3H]FdUrd permits directChart 5. Analysis of radioactivity present in the intracellular nucleotide pool
following incubation of cells with [6-3HFUra. Li 210 cells were exposed to titration of intracellular levels of thymidylate synthetase. As
16-3HFUra (20 Ci/mmol; final concentration, 0.25 SM).Intracellular metabolites shown in Chart 2, formation of the intracellular FdUMP-CH2-
were extracted from the cytosol of these cells either before (0) or after (ti) the
cytosol was heated at 65Â°for 15 mm and analyzed by HPLC as described in
â€œMaterialsand Methods.â€• 6 C, Garrett, personal communication.
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Assay of FdUrd and FUra Metabolites

H4folate-TS complex is complete within 40 to 60 mm. Because
the intracellular level of thymidylate synthetase is likely to be
one of the factors involved in the susceptibility of cells to FUra
and FdUrd (39), this simple procedure may be useful in pre
dicting the responsiveness of cells toward these drugs. Indeed,
with the cell lines used here, there is a good correlation
between the intracellular levels of thymidylate synthetase and
the cytotoxicity of FdUrd; i.e. , cells which possess more en
zyme are more resistant to the cytotoxic effects of FdUrd (Table
1). Of course, this method requires that the cells be able to
phosphorylate FdUrd; in the case of S-49/TK cells, lack of
thymidine kinase results in no observable complex formation
using [6-3H]FdUrd as a source of intracellular [3H)FdUMP.
However, in vitro titration of cytosol from these cells (with [6-
3H)FdUMP and CH2-H4-folate) demonstrates that the level of
thymidylate synthetase in these cells is comparable to that
found in 5-49 wild-type cells.

We have also measured certain kinetic parameters of the
intracellular FdUMP-CH2-H4folate-TS complex. When cells
treated with [6-3HJFdUrd to allow formation of the ternary
complex are subsequently exposed to excess unlabeled FdUrd,
[3HJFdUMP, which has dissociated from the complex, is re
placed by unlabeled FdUMP; the loss of macromolecular
bound radioactivity reflects the intrinsic nateof dissociation of
the intracellular complex. As shown here, this is a first-order
process with 12@ 6.2 hr. Interestingly, the rate of dissociation
of the intracellular complex is slower than that of the complex
in cytosol, indicating that an apparent stability is provided by
the intracellular environment. A similar approach has been
recently used to monitor the dissociation of [3H]methotrexate
from dihydrofolate reductase (4) but, in contrast to what has
been described here, intracellular dissociation of methotnexate
is more rapid than that observed in cytosol. When cells pos
sessing the [3H]FdUMP-CH2-H4folate-TS complex are sus
pended in medium possessing no unlabeled FdUrd, there is no
decrease apparent in the amount of intracellular complex over
a period of 7 hr. Given the measured half-time for dissociation,
the observed stability of the intracellular complex can best be
explained by the persistence of an intracellular pool of [3H}.
FdUMP sufficientto saturatethe enzyme.That is, even though
[3H]FdUMP dissociates from the enzyme with a finite rate,
association to reform the complex is more rapid than degra
dation and subsequent efflux of radioactivity from the cell. In
this context, it is noted that studies of the metabolism of FUra
in animal tumor models indicate that the persistence of FdUMP
in certain tissues may be related to FUra action (1 , 19, 24).

While most of the studies described here utilize FdUnd, the
methodology has been developed to be equally adaptable to
similar studies using FUra, and such studies are ongoing in this
laboratory. The utility of these procedures is illustrated in a
preliminary experiment designed to examine FUra metabolism
in Li 21 0 cells exposed to [6-3H]FUra. When radioactivity in the
acid-soluble fraction from these cells was analyzed by HPLC,
[3H)FdUMP could not be detected. Similar findings have re
cently been reported (22). However, when the cytosol was
heated at 65Â°prior to acid precipitation, [3H]FdUMPwas shown
to be present at levels of approximately 50 fmol/i 0@cells. This
experiment demonstrates that all of the intracellular FdUMP
present at the time of analysis was bound to thymidylate
synthetase and illustrates how direct analysis of acid-soluble
fractions could be misleading in interpreting studies of the

metabolism of this drug. Furthermore, although these studies
have used radioactive drug, the methods for FdUMP-CH2-
H4folate-TS complex isolation and FdUMP ligand dissociation
described here could easily be adapted to procedures which
have been previously used for measuring free nonradioactive
FdUMP levels(26, 32). In this manner,determinationsof both
free and enzyme-bound FdUMP can be made in situations
which are not amenable to the use of radioactive drugs. There
fore, without major modification, the methods described here
should be applicable for a variety of studies of FUra and FdUrd
action. These would include studies subsequent to administra
tion of these drugs to tumor-bearing animals or direct analysis
of tissues obtained by biopsy or resection.
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