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SUMMARY

The drug 5-fluorouracil shows a high degree of antitumor activity against both the P388
murine leukemia and the P388/38280 subline. Although previous studies had shown that
the capacity of cell lines to convert 5-fluorouracil to its nucleotides in vitro was a major
determinant of drug responsiveness, the P388/38280 cell line had a very low capacity for
this conversion. Moreover, conversion of uracil to nucleotides could not be detected in
P388/38280 cells. Enzymatic studies showed that P388/38280 cells have a very low level
of uridine phosphorylase (EC 2.4.2.3) activity. In both P388 and P388/38280 cells, however,
pyrimidine 5’-phosphoribosyltransferase activity could be demonstrated. The latter enzyme
catalyzes the formation of 5-fluorouridylic acid from 5-fluorouracil and 5-phosphoribosyl
1-pyrophosphate. Uracil was a very poor substrate for the transferase. These data suggest
that the total capacity of tumor cells for 5-fluorouracil nucleotide formation is not neces-

sarily the major determinant of drug responsiveness.

INTRODUCTION

The conversion of 5-fluorouracil to nu-
cleotide derivatives by tumor cells is a req-
uisite for the antineoplastic action of the
drug, and impairment of this conversion is
associated with development of drug-resis-
tant cell lines (1, 2). The most potent such
derivative is 5-fluoro-2’-deoxyuridine 5’-
monophosphate, which strongly inhibits
thymidylate synthetase (3, 4). FU? is also
converted into ribonucleotides and incor-
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porated into RNA (2); the contribution of
these transformations to the pharmacolog-
ical action of FU is unknown, although
there is evidence (5) that their major
contribution is to host toxicity. FU was
found to be anabolized by the enzymes
responsible for the analogous biotransfor-
mations of uracil (2).

In previous studies on different murine
leukemias, we found that the capacity of
freshly isolated tumor cells to convert FU
into nucleotides was correlated with respon-
siveness to FU (6). It was surprising,
therefore, to find a subline of the P388
murine leukemia which showed a low ca-
pacity for nucleotide formation from FU
(and almost no capacity for conversion of
uracil to nucleotides), but which was as
responsive to FU as the P388 parent cell
line. Our studies on pyrimidine metabolism
by P388 and the subline (P388/38280) are
reported here.
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MATERIALS AND METHODS

Studies on intact cells. The P388/38280
cell line was originally derived from the
P388 murine leukemia by selection for
resistance to a terephthalanilide (7). Sources
of this subline and of the P388 murine
leukemia have been described (8), as have
methods for cell isolation (6, 9). P388 and
P388,/38280 cells were carried in DBA/2 or
BDF, mice by intraperitoneal inoculation of
10° cells; ascitic tumor was collected 7 days
after transplant. The original cell lines were
provided by Mr. I. Wodinsky, Arthur D.
Little Corporation, Cambridge, Massachu-
setts.

Cell suspensions (5% by weight) were
prepared in a mixture of 3 parts minimal
essential Eagle’s medium (Grand Island
Biological Company), 1 part horse serum,
and 1 part 150 mmM sodium phosphate buf-
fer at pH 7.4. The suspensions were divided
into 200-pl aliquots, which were incubated
for 2, 5, 10, and 20 min at 37° with labeled
substrates (usually 0.1 mm). Incubations
were terminated by chilling the tubes, and
the cells were collected by centrifugation at
500 X g for 30 sec. The acid-soluble pool
of nucleotides was extracted with three 0.5-
ml portions of 10% HCIO, at 0°. The
HCIO, extract was neutralized with KOH,
the precipitate of KCIO, was removed, and
the supernatant fluid was taken to dry-
ness under vacuum. The residue was taken
up in 25 ul of water, and this solution was
subjected to thin layer chromatography on
cellulose sheets (Eastman No. 6064) to
separate nucleotides from other labeled
components (10). Regions of the chromato-
gram corresponding to the nucleotides were
located under ultraviolet light, with the aid
of chromatographic markers. These regions
were cut out from the chromatograms,
placed in vials, and moistened with an ap-
propriate phosphor solution for determina-
tion of radioactivity by liquid scintillation
counting (6).

The acid-insoluble material was washed
twice each with 1 ml of ethanol, 1 ml of
ethanol-ether (3:1, v/v), and 0.5 ml of
ether. The defatted residue was taken up in
0.5 ml of 0.5 N KOH; after 24 hr at 24° this
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solution was neutralized with 2 M HCIO,,
the precipitate of KClO, was removed by
centrifugation, and the supernatant fluid
was dried, redissolved, and subjected to
chromatographic analysis as desecribed
above.

The data derived from studies on the
acid-soluble extracts of cells were used to
estimate the rate of conversion of labeled
substrates to nucleotides. The product of
alkaline hydrolysis of the acid-insoluble
fraction was chromatographed with UMP,
and taken to represent nucleotide released
from cellular RNA. The rate of incorpora-
tion of label into this fraction was taken to
indicate the corresponding rate of incor-
poration of substrate into cellular RNA.

Preparation of cell-free extracts. Freshly
isolated P388 and P388/38280 cells were
suspended in 1.5 volumes of 0.05 M Tris
buffer at pH 8, containing 1 mmM EDTA
and 5 mM 2-mercaptoethanol. These sus-
pensions were frozen rapidly, stored at
—20° overnight, and then placed in a 10°
water bath. The thawed suspensions were
treated with a sonic oscillator for 10 sec to
disperse the cellular material and then cen-
trifuged at 100,000 X ¢ for 30 min at 5°.
The supernatant fluid was retained; this
could be stored at —20° for several weeks
without loss of activity of any enzyme
measured here.

Measurement of uridine phosphorylase
(EC 2.4.2.3), uridine kinase (EC 2.7.1.48),
and thymidine kinase (EC 2.7.1.21). These
enzymes were measured simultaneously by
a modification of the procedure of Skold
(11). Cell-free extracts, obtained as de-
scribed above, were used. Incubation mix-
tures contained 150-250 png of enzyme pro-
tein, 5 mmM ATP, 6 mm MgCl,, 15 mm
KH.PO,, and 60 mM Tris. The last two
solutions were adjusted to pH 7.4. The total
incubation volume was 50 ul. Labeled nu-
cleoside (UR, UdR, FUR, or FUdR) was
added to achieve a 1 mM level. Enzyme was
omitted from control tubes. Incubations
were carried out at 37° for 10 min, a time
found to yield data during the linear period
of enzymatic activity. To terminate the
incubations, 5 ul of 0.1 N acetic acid were
added. The acid solution contained, at 100
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mM levels, nonlabeled materials which
served as chromatographic markers, i.e., the
free pyrimidine base, the nucleoside em-
ployed in the incubation mixture, and the
phosphorylated product. (For example, in-
cubations with labeled FUdR were termi-
nated by addition of acid containing FU,
FUdR, and dFUMP.) Protein was precipi-
tated by warming the tubes to 100° briefly
in a water bath and removed by centrifuga-
tion. From each incubation tube, a 25-pl
aliquot was applied to a 5 X 30 mm region
of a thin layer cellulose sheet (Eastman No.
6064), and the sheets were developed in
appropriate solvents capable of separating
the nucleoside from the pyrimidine base and
the nucleotide. With the aid of the applied
markers, the three labeled components of
the mixtures were located under ultraviolet
light; they were cut out from the sheets,
and their radioactivity was measured by
liquid scintillation techniques. The quanti-
ties of radioactively labeled pyrimidines
present in the nucleoside substrates as im-
purities were determined from control,
enzyme-free incubations.

Chromatographic solvents. To resolve
mixtures of uracil, UR, and UMP, a water—
ammonia-1-butanol solvent (2:1:18, by
volume) was used. The mixture FU-FUR-
FUMP was resolved in water—formic acid-
1-butanol (13:10:77, by volume). Mixtures
of uracil-UdR-dUMP or FU-FUdR-dF-
UMP were resolved in 1M ammonium
acetate at pH 9 saturated with sodium
borate and containing 10 mm EDTA-
90% ethanol (30:70 v/v). The crystalline
precipitate was removed by decantation 1
hr after preparation of the last-mentioned
¢olvent. The use of these and similar solvent
mixtures in thin layer chromatography of
pyrimidine derivatives has been described
(10).

Measurement of pyrimidine 6’-phosphori-
bosyltransferase activity. Cell extracts
(150-250 ug of enzyme protein) were in-
cubated with 2 mm 5-phosphoribosyl 1-
pyrophosphate, 2 mm MgCl,, 60 mm Tris
buffer (pH 7.5), and 0.5 mm labeled uracil
or FU in a total volume of 50 ul. After
incubation for 20 min at 37°, the mixture
was chilled, and a 25-ul aliquot was im-
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mediately applied to a 2-cm circle of
DEAE-paper (H. Reeve Angel & Com-
pany). Non-ionized radioactive substrate
was removed by washing the discs as de-
scribed by Breitman (12), except that 0.01
M citric acid was used for washing. The
discs were finally rinsed in water and ace-
tone and dried in air. Alternatively, 25-ul
aliquots were applied to the origin of sheets
of DEAE-paper (5 X 100 ¢cm) which had
been equilibrated for 24 hr over formic
acid (13). The strips were developed with
water, and a 2-cm circle was cut from the
origin. The dried DEAE-paper discs from
either procedure were placed on the bottoms
of vials and covered with 5 ml of a
phosphor solution (9) for determination
of radioactivity by liquid scintillation
counting. The product of this reaction has
been characterized as the nucleoside 5’-
monophosphate of the pyrimidine em-
ployed (13).

Substrates. Uracil-2-*C (20 mCi/
mmole), uridine-2-*C (25 mCi/mmole),
and generally labeled deoxyuridine-*H (5
Ci/mmole) were purchased from New Eng-
land Nuclear Corporation. The labeled UdR
was purified by chromatography on East-
man No. 6064 thin layer cellulose sheets to
remove uracil, which gradually formed dur-
ing storage. The solvent system was ethyl
acetate-formic acid—water (60:5:35, by vol-
ume; upper layer). 5-Fluorouracil-2-C
(10 mCi/mmole), 5-fluorouridine-2-1*C (10
mCi/mmole), and generally labeled 5-
fluoro-2’-deoxyuridine-*H (2 Ci/mmole)
were purchased from Calbiochem. Non-
labeled FU, FUR, and FUdR were sup-
plied by Hoffmann-La Roche, and dFUMP
by Dr. Charles Heidelberger. Other chemi-
cals were purchased from Mann Research
Laboratories, Sigma Chemical Company,
and Calbiochem.

RESULTS

Nucleotide formation by intact cells.
When intact P388 or P388/38280 cells
were incubated with labeled UR or FUR,
these nucleosides were readily converted to
nucleotides and incorporated into RNA
(Table 1). Studies on FU showed that the
P388/38280 cells had only a limited capac-
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TaBLE 1
Conversion of pyrimidincs to ribonucleotides and
RN A by intact cells

Cells were incubated with 0.1 mum labeled sub-
strate, and the initial rate of incorporation of label
into ribonucleotides and RNA fractions was meas-
ured. Data represent the means of five experiments,
which varied by no more than +10%,.

P388 cells P388/38280 cells
Nucleo- Nucleo-
Substrate tides RNA tides RNA
mumoles incorporated/g cells/hr
Uracil 2100 600 12 0
Uridine 3000 900 1500 480
5-Fluorouracil 2700 780 540 180
5-Fluorouridine 2400 660 2400 720

ity for nucleotide formation from this
compound; almost no conversion of uracil
into nucleotides by this subline could be
found (Table 1). These data suggest that
conversion of uracil to nucleosides is blocked
in P388/38280 cells, and that conversion
of FU to nucleosides might be partly
blocked. The finding that the P388/38280
cell line could convert FU, but not uracil,
to nucleotides required further explanation.

In another experiment, using intact P388
cells, we found that addition of a 10-fold
excess of nonlabeled FU or FUR signifi-
cantly decreased the extent of conversion of

TaBLE 2
Effect of FUR on FU incorporation inio nucleotides
Cells were incubated with 0.1 mm FU-4Ce and,
where indicated, 1 mm nonlabeled FU or FUR for
10 min at 37°. Total incorporation of label into the
acid-soluble nucleotide pool was measured. Results
are shown for a typical experiment.

Total radioactivity in
nucleotide fraction

Addition P388 cells P388/38280 cells
cpm cpm
None 15,100 3,100
FU 1,750 290
FUR 1,850 2,900

s Under the conditions used, 1 mumole of FU-
“C = 4500 cpm.
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labeled FU to labeled nucleotides (Table
2). This suggests a rapid interconversion of
FU and FUR in P388 cells. In contrast,
addition of nonlabeled FUR did not affect
the conversion of labeled FU to nucleotides
in P388/38280 cells, although nonlabeled
FU did decrease the extent of this conver-
sion. This experiment provides additional
evidence that the FU-FUR interconversion
is blocked in the P388/38280 subline, and
suggests that conversion of FU to nucleo-
tides in P388/38280 cells might not involve
intermediate formation of the nucleoside,
FUR.

Studies on cell-free extracts. To estimate
relative levels of the enzymes responsible for
conversion of uracil and FU to nucleotides,
cell extracts were incubated with labeled
nucleosides, ATP, inorganic phosphate, and
magnesium ions. The simultaneous forma-
tion of the pyrimidine base and the nucleo-
tide was measured. In preliminary studies,
we found that omission of ATP prevented
nucleotide formation, and that omission of
inorganic phosphate inhibited degradation
of the nucleoside to the pyrimidine.

The findings from these experiments are
summarized in Table 3. Nucleotide forma-
tion from UR (via uridine kinase) and from
UdR and FUdR (via thymidine kinase)
could readily be demonstrated in both P388

TaBLE 3

Nucleoside conversion to pyrimidines and nucleotides

Cell extracts were incubated with labeled sub-
strates at 1 mm, together with MgCl,, ATP, in-
organic phosphate, and Tris buffer as described in
the text. Initial rates of product formation were
calculated from chromatographic analysis of the
reaction mixtures. Results of a typical series of
experiments are shown.

Pyrimidine Nucleotide
formation formation
Labeled
sub- P388 P388/38280 P388 P388/38280
strate cells cells cells cells
umoles/g protein/hr
UR 102 6 66 66
UdR 33 1.2 14.5 8.2
FUR 105 6 105 81
FUdR 39 1.2 9 5.4
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and P388/38280 cells. Phosphorolytic cleav-
age of these nucleosides was markedly im-
paired in the P388/38280 cell line.

Extracts of both P388 and P388/38280
cells were found to be capable of catalyzing
a reaction between uracil or FU and 5-
phosphoribosyl 1-pyrophosphate to form the

uridine phosphorylase
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DISCUSSION

The data presented here, together with
those available elsewhere (1, 2, 13, 14),
indicate that conversion of FU to dFUMP
can occur by at least the following three
routes.

uridine kinase

FU + ribose-1-P
I'U + deoxyribose-1-P

FUR

uridine phasphorylase
———— e

FUMP —— dFUMP (1)
thymidine kinase
FUdR —————— dFUMP (2)

pyrimidine 5’-paosphoribosyltransferase

FU + phosphoribosyl-PP

nucleoside 5’-monophosphate (Table 4).
The reaction rates with the two different
substrates were not altered when the source
of enzyme was changed (P388 vs. P388/
38280), but the rate was about 25 times
more rapid with FU than with uracil. This
enzymatic pathway is described in detail
elsewhere (13).

TABLE 4
Pyrimidine 5'-pyrophosphorylase activity in
cell extracts

Cell extracts were incubated with labeled FU or
uracil, 5-phosphoribosyl 1-pyrophosphate, MgCl..
and Tris buffer as described in the text, and the rate
of FUMP or UMP formation was measured. The
results shown are the means of five experiments.

P388 P388/38280)
Substrate cells cells
umoles product/g protein/hr
FU 7.5 7.8
Uracil 0.3 0.36

Drug responsiveness in vivo. The thera-
peutic effectiveness of FU and FUdR
against P388 and P388/38280 cells was
evaluated by treatment of tumor-bearing
animals with these drugs. Both tumor and
agent were inoculated intraperitoneally.
The drug was administered from day 1 to
day 10 following transplant of 10° tumor
cells. The life span of P388-bearing animals
was increased 122% by treatment with 25
mg/kg of FU, and 104% by 80 mg/kg of
FUdR. The life span of animals bearing the
P388/38280 leukemia was increased 96%
by FU and 59% by FUdR.®

*Data on drug-promoted survival of tumor-
bearing animals were provided by Mr. I. Wodin-

— FUMP —-— dFUMP - 3)

Our previous studies (6) had shown that
the capacity of different murine leukemias
to convert FU to nucleotides was an im-
portant determinant of drug responsiveness.
We would therefore have predicted that the
P388/38280 cell line should be relatively
unresponsive to FU. But direct experiments
have shown the line to be as drug-sensitive
as P388. Moreover, the conversion of uracil
to nucleotides was almost undetectable in
P388/38280, although the conversion of FU
was clearly demonstrable. This was sur-
prising, since previous investigations on FU
(summarized in ref. 2) suggested that en-
zymes responsible for uracil anabolism
carry out the analogous reactions of FU.
We discuss this point further below, how-
ever.

In a related series of experiments, Reyes
and Hall (15) found that the activity of a
pyrimidine 5’-pyrophosphorylase, which
catalyzes reaction 3 above, was correlated
with responsiveness to FU in different mu-
rine leukemias. Impairment of this enzyme
in a FU-resistant cell line was initially
reported by Kasbekar and Greenberg (14).
Both the P388 and P388/38280 cell lines
contained equivalent levels of phosphori-
bosyltransferase.

Reyes (13) has presented evidence to
suggest that a single phosphoribosyltrans-
ferase, found in murine leukemia cells, can
utilize uracil, FU, or orotic acid as sub-
strate. This enzyme is probably different
from the orotidylate phosphoribosyltrans-
ferase (EC 2.4.2.10) described by others
(16, 17).

sky, Arthur D. Little Corporation, Cambridge,
Massachusetts.
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The basis for the impaired capacity of
P388/38280 cells to form nucleotides from
uracil and FU was found to be the very low
level of uridine phosphorylase activity.
This enzyme was described in Ehrlich
ascites tumor cells by Krenitsky et al. (18,
19) and is responsible for the degradation
of UR, UdR, FUR, FUdR, and thymidine
(20). In certain tissues, both “uridine phos-
phorylase” and “thymidine phosphorylase”
activities are found (18, 19, 21-24). The
former enzyme shows broad activity toward
pyrimidine nucleosides; the latter was found
to be specific for the deoxynucleoside link-
age. Thymidine phosphorylase activity was
not found in the Ehrlich carcinoma (18,
19), and is apparently not found in P388.
Therefore, the deletion of uridine phos-
phorylase in P388/38280 accounts for the
inability of this cell line to carry out inter-
conversions of uracil and FU to ribonucleo-
sides and deoxyribonucleosides. In other
studies, we have found that P388/38280
cells cannot convert thymidine to thymine.

The present data suggest that the total
capacity of tumor cells for FU nucleotide
formation is not necessarily a major deter-
minant of drug responsiveness in murine
leukemias. Although dFUMP is the most
potent known antimetabolic derivative of
FU (2), it must be admitted that the mode
of action of the drug is not yet entirely
understood, nor have all pathways of
dFUMP formation been clucidated. Studies
on murine leukemias lacking different
enzymes involved in FU metabolism may
shed more light on this problem. Because of
the block between FU and FUdR in P388/
38280, this cell line might be useful in
delineating different biochemical modes of
action of the two drugs, which have recently
been described (25).
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