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SUMMARY

The purpose of this study was to compare the pools of free FAUMP derived from 5-
fluorouracil (FUra) and of dUMP synthesized de novo in Hep-2 and S-180 cells, their
relationship to inhibition of thymidylate synthase (ATMP synthase; EC 2.1.1.45), and
the effect of excess folinic acid (CF) on these parameters. These cells differ 50-fold in
their sensitivity to FUra and, in the absence of thymidine, dTMP synthase is the growth-
limiting site of action of FUra in S-180 cells, but in Hep-2 cells this site becomes growth-
limiting only in the presence of excess folates. In both cells after a 3-hr incubation with
varied concentrations of FUra, FAUMP comprised only 0.1-0.2% of the total acid-soluble
pools derived from FUra. The changes in dUMP and FAUMP pools paralleled each other,
dUMP being 1000-2000 times higher than FAUMP. The pools of dUMP increased only
when dTMP synthase was significantly inhibited. This occurred in S-180 cells above 3
uM FUra and in Hep-2 cells above 30 uM, where the residual d-TMP synthase was similar
in both cells. Under these conditions, the dAUMP and FAUMP pools in Hep-2 cells were
2 and 4 times higher, respectively, than in S-180 cells. After FUra removal, both pools
continued to increase, dAUMP and FAUMP pools in Hep-2 cells rising 6-fold and 10-fold
higher, respectively, than in S-180 cells. The dTMP synthase inhibition and the high
nucleotide pools in Hep-2 were short-lived, whereas in S-180 cells the inhibition and the
pools were maintained longer. Excess CF retarded the recovery of dTMP synthase after
FUra removal only in Hep-2 cells and led to a further increase in dUMP and FAUMP
pools in these cells, while having no effect in S-180 cells. These data indicate that a high
capacity of cells to accumulate free FAUMP does not alone guarantee that d_ATMP synthase
inhibition will be growth-limiting. The relationship shown here between excess CF,
dTMP synthase recovery, and the nucleotide pools suggests that some cell types, such as
Hep-2, in spite of high levels of FAUMP, require in addition an excess of folates to retard
dTMP synthase recovery and make it growth-limiting.

INTRODUCTION

FUra® has been utilized in the clinical management of
carcinomas of the ovary, breast, pancreas, and gastroin-
testinal tract (1-3). This agent exerts its cytotoxic effects
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2 The abbreviations used are: FUra, 5-fluorouracil; dTMP synthase,
thymidylate synthase; S-180, mouse sarcoma 180; Hep-2, human epi-
thelial carcinoma; CF, folinic acid, N*-CHO-H PteGlu, N°-formylte-
trahydropteroylglutamic acid; H(PteGlu, tetrahydropteroylgluta-
mic acid; N'°-CHO-H,PteGlu, N -formyltetrahydropteroylglutamic
acid; FAUMP, 5-fluorodeoxyuridine-5’-monophosphate; 5,10-CH,-
H,PteGlu, N®N'°-methylenetetrahydropteroylglutamic acid; 5-CH,-
H,PteGlu, N*-methyltetrahydropteroylglutamic acid; FdUrd, 5-fluoro-
deoxyuridine.

by at least two mechanisms of action: incorporation of
FUra into RNA at the level of FUTP and inhibition of
dTMP synthase (EC 2.1.1.45) by the FUra metabolite,
FdUMP. Inhibition of cell growth has been observed
after FUra action at either site, leading to the suggestion
that the site of FUra action is dependent upon the
cellular system under investigation (4-6).

dTMP synthase is a major target of cancer chemo-
therapy, since the reaction catalyzed by this enzyme
provides the only de novo source of dTMP for DNA
biosynthesis. The effect of FUra on dTMP synthase may
be affected by several biochemical parameters, including
the levels of the two substrates, dUMP and 5,10-CH,-
H,PteGlu, and the inhibitor, FAUMP. The formation
and level of FAUMP and/or duration of its retention
have been suggested as critical determinants of FUra
action (7-10); however, several investigations have dem-
onstrated lack of correlation between these latter param-
eters and sensitivity to FUra (11-13). Instead, Myers et
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al. (14) observed that it was the accumulation of dUMP
which was associated with the resumption of DNA syn-
thesis in P1534 ascites tumor during recovery from FUra.
Also, several in vitro studies with dTMP synthase puri-
fied from Lactobacillus casei and from CCRF-CEM hu-
man lymphoblastic leukemic cells revealed that dUMP
competes with FAUMP for binding to the enzyme (15-
17). Moreover, such in vitro studies have shown that both
the rate of association of FAUMP with dTMP synthase
and the rate of its dissociation are dependent on 5,10-
CH,-H,PteGlu concentration (15, 17).

Laskin et al. (18) observed that several mouse cell lines
in vitro were more sensitive to growth inhibition by FUra
than were several human cell lines and that the sensitiv-
ity was associated with a more rapid uptake and metab-
olism of FUra. In particular, mouse sarcoma S-180 cells
were 50-fold more sensitive than the human carcinoma
Hep-2 cells (6). In mouse and human cells, dTMP syn-
thase was inhibited to a similar extent immediately after
FUra. However, in mouse cells, such as S-180, the inhi-
bition of dTMP synthase was the growth-limiting event
while in human cells, such as Hep-2, it was the incorpo-
ration of FUra into RNA. In the presence of excess
folates, the growth inhibitory effects of FUra were poten-
tiated 3-fold, and inhibition of dTMP synthase now
became the growth-limiting event in Hep-2 (19). It was
also observed that after FUra treatment Hep-2 cells, in
contrast to S-180, accumulated high levels of labeled
dUMP when supplied with labeled dUrd (6). Also, the
pools of the various folate cofactors in the two cell lines
were vastly different (20). The data indicated that Hep-
2 and S-180 cells differ in several parameters that affect
the action of FUra on dTMP synthase.

In the present study, the levels of free FAUMP (acid-
soluble) and of dAUMP formed de novo as well as the
effect of excess folinic acid on these pools and on the
levels and recovery of free dTMP synthase have been
examined in both cell lines to determine their relation-
ship with the sensitivity to and the site of action of FUra.
Some of these results have been reported briefly (21, 22).

EXPERIMENTAL PROCEDURES

Materials. [6-*HJFAUMP (18 Ci/mmole) was purchased from Mo-
ravek Biochemicals (City of Industry, Calif.). [5-*H][dUMP (14 Ci/
mmole) was obtained from Schwarz-Mann (Orangeburg, N.Y.). [*C]
HCHO (56 mCi/mmole) was obtained from New England Nuclear
Corporation (Boston, Mass.). FUra, FdUMP, dUMP, dUrd, folic acid,
and folinic acid were purchased from Sigma Chemical Company (St.
Louis, Mo.). Horse serum and powdered RPMI 1640 medium were
obtained from Grand Island Biochemical Company (Grand Island, N.
Y.). Acid-washed activated charcoal, DEAE-cellulose microgranular
anion exchanger, and phosphocellulose (fine mesh) were from Sigma
Chemical Company. Dextran T-70 was obtained from Pharmacia Fine
Chemicals (Piscataway, N. J.). (+)-H,PteGlu was prepared from folic
acid and purified by DEAE-cellulose chromatography by the method
of Zakrzewski and Sansone (23).

dTMP synthase in crude extracts of dichloromethotrexate-resistant
Lactobacillus casei (obtained from New England Enzyme Center, Bos-
ton, Mass.) was purified by phosphocellulose column chromatography
by the procedure of Sharma and Kisliuk (24). The specific activity of
the partially purified dTMP synthase was 1.1 units/mg of protein, as
determined by the tritium-release procedure of Dunlap et al (25). One
unit is defined as the amount of enzyme catalyzing the formation of 1
umole of dTMP per minute at 30°.

Cell culture. The origin and maintenance of mouse sarcoma 180 and
human carcinoma Hep-2 have been described previously (26). The cells
were maintained in monolayer cultures in RPMI 1640 medium supple-
mented with 5% horse serum. Further modifications of the medium are
described in the legends to the figures.

Analysis of dUMP and free FAdUMP. Monolayers of cells in T-75
flasks were treated as described for each experiment. At the end of the
incubation period, the medium was removed and the cell layers were
rinsed twice with cold, serum-free medium 1640. The flasks were placed
on ice, and the cells were extracted with 5 ml of cold 5% trichloroacetic
acid as described previously (18). After removal of trichloroacetic acid
with ether and after lyophilization, the powder was dissolved in a small
amount of water and applied to DEAE-cellulose (bicarbonate) columns;
dUMP and free FAUMP were separated as described by Moran et al.
(27). The fractions containing the nucleotides were lyophilized, and
dUMP and free FAUMP were quantitated using assays developed by
Moran et al. (27), using L. casei dTMP synthase.

Titration of free dTMP synthase. Cell extracts were prepared and
the free d-TMP synthase was determined by measuring the formation
of [6-*H]FAUMP-enzyme complex in the presence of excess cofactor
(27). (£)-CH;-H PteGlu was prepared from H,PteGlu by the method
of Dunlap et al. (25). The calculations of picomoles of dTMP synthase
per milligram of protein are based on the assumption that 1.7 moles of
FAUMP are bound per mole of enzyme (17, 22, 29).

Determination of molarities of cellular metabolites. The acid-ex-
tracted cell layers were dissolved in 5 ml of 0.2 N NaOH. Protein was
determined by the method of Lowry et al. (30), using crystalline bovine
serum albumin as the standard. Utilizing the values for the amount of
intracellular water per milligram of total cell protein which had been
determined previously (18), the molarities of dUMP and free FAUMP
in cell water were calculated.

Determination of radioactivity. Aqueous samples were counted in 10
ml of Liquiscint-2 scintillation solution (National Diagnostics, Somer-
ville, N.J.), using a Packard Tri-Carb Model 2450 liquid scintillation
spectrometer.

RESULTS AND DISCUSSION
Characteristics of Hep-2 and S-180 cells. Some of the

differences between S-180 and Hep-2 cells are listed in
Table 1. The specific activity and the FAUMP-binding

TABLE 1
Some characteristics of Hep-2 and S-180 cells
Parameter Hep-2cells  S-180 cells
dTMP synthase
Specific activity (pmoles/min/mg
protein)® 109 £33 (12) 36 +9(23)
FAUMP titration (pmoles/mg
protein)® 2.1 +0.5(27) 1.3 +0.2(26)
Growth inhibition®
IDg in medium 1640 (uM FUra) 244 + 109 (14) 4.7+£2.1(19)
Incorporation of FUra into RNA®
At IDgo (nmoles/mg RNA) 6.5 1.5
Folate cofactor pools?
H. PteGlu (uM) 3.5 7.3
5-CHO and 10-CHO-HPteGlu 1.3 6.3
(uM)
5-CH,;-H PteGlu (uM) 5.3 14
Higher polyglutamyl derivatives
(% of total) 32 91

°Data from Evans et al. (6).

¢ Determined as described under Experimental Procedures.

“These concentrations of FUra were applied for 3 hr and caused
50% inhibition of subsequent growth in FUra-free medium.

4 Data from Yin et al. (20). The numbers indicate micromolar con-
centrations in cell water after folate-depleted cells were incubated for
24 hr with 10 uM folate.
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capacity of dTMP synthase in Hep-2 cells is 2-3 times
higher than in S-180 cells. At the same time, Hep-2 cells
tolerate 50-60 times more FUra for growth inhibition.
At the IDs, of FUra for Hep-2, the incorporation of FUra
into RNA (6.5 nmoles/mg of RNA) is growth-limiting,
reaching about 1% replacement of RNA-uracil (6).
Therefore, thymidine can neither protect nor rescue
Hep-2 cells. In contrast, thymidine protects as well as
rescues S-180 cells up to a concentration of FUra (60
uM) at which the incorporation into RNA becomes
growth-limiting even for these cells (6).

Addition of excess CF (1000-fold above normal) was
found not only to potentiate FUra activity but, in Hep-
2 cells, to make dTMP synthase inhibition growth-lim-
iting (19). This was at least partially explained by the
differences in pools of various folate cofactors in the two
cell lines (20). Thus, those reduced folates which are
easily converted to dTMP synthase cofactor were found
to be much higher in S-180 cells than in Hep-2 cells. In
contrast, the predominant form in Hep-2 cells was 5-
CHj;-H,-PteGlu, the cofactor for methionine synthase
(EC 2.1.1.13). The conversion of the latter compound to
H,PteGlu requires methionine synthesis, which is lim-
ited in the presence of 100 uM methionine in the cell
culture medium. The third striking difference between
the two cells is the low content of higher polyglutamyl-
folates in Hep-2. Work is presently in progress to quan-
titate in both cell lines the folate forms which promote
the binding of FAUMP to dTMP synthase. Preliminary
results indicate that the content of these folates is much
higher in S-180 cells than in Hep-2 cells.

Pools of dUMP and FAUMP. The effect of 3-hr incu-
bation with varied concentrations of FUra on these pools
is shown in Fig. 1. In untreated cells, the dUMP pools
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F1G. 1. Pools of dUMP and free FAUMP after varied concentrations
of FUra

Confluent monolayers of cells in T-75 flasks were incubated for 3 hr
with 30 ml of medium 1640 supplemented with 5% horse serum and
varying concentrations of FUra. The medium was removed; the cell
layers were rinsed with cold, serum-free medium; and dUMP and
FAUMP were extracted and quantitated as described under Experi-
mental Procedures. Each point represents an average of 2-13 separate
determinations for FAUMP, 2-19 for dUMP. The arrows indicate the
concentrations of FUra required to inhibit i TMP synthase to the same
residual activity.

FdUMP AND dUMP POOLS AFTER 5-FLUOROURACIL 305

were similar, 7.6 + 3.8 uM in Hep-2, 10.8 + 4.2 uM in S-
180. At concentrations below 30 uM FUra, the pools of
both dUMP and FAUMP were higher in S-180 cells than
in Hep-2 cells. Since dUMP accumulation is at least
partly the result of reduced substrate flux through dTMP
synthase, the higher pools of dUMP in S-180 cells at
these concentrations of FUra must be attributed to the
lower residual activity and lower levels of free dTMP
synthase in S-180 cells. Thus, after 3 hr with 1 uM FUra,
the activity in S-180 cell extracts was only 20 pmoles/
min/mg of protein whereas it was 5 times higher in Hep-
2 cells (6). At the same time, the level of free i TMP
synthase was 0.34 pmole/mg of protein in S-180 cells
and 1.96 pmoles/mg of protein in Hep-2 cells (Fig. 2).

Only at concentrations above 30 uM FUra did Hep-2
cells accumulate more dUMP and FAUMP than S-180
cells. These pool changes coincide with maximal inhibi-
tion of dTMP synthase in Hep-2 (Fig. 2). At concentra-
tions of FUra, where dTMP synthase is well blocked in
both cells, the larger pools of both nucleotides in Hep-2
may reflect differences between the two cell lines in
nucleotide breakdown and resynthesis. Namely, in Hep-
2 cells the thymidine kinase activity is 6 times higher
than in S-180 cells whereas thymidine phosphorylase
activity is only half of that in S-180 (18). These circum-
stances would be expected to enhance the nucleoside
salvage in Hep-2 over that in S-180.

It is also of interest that at those concentrations of
FUra which inhibited dTMP synthase activity in both
cells by 50%, the pools of both nucleotides were similar
in the two cells: dUMP 23 uM and 28 uM, FAUMP 0.018
uM and 0.017 uM in Hep-2 and S-180, respectively.
Considering the 2- to 3-fold higher dTMP synthase ac-
tivity in Hep-2 cells under these conditions, the data on
dUMP appear puzzling, but may again reflect the more
e{)f(’n)cient resynthesis of dUMP in Hep-2 as was discussed
above.
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F1G. 2. Effect of 3-hr incubation with varied concentrations of FUra
on the remaining levels of free dTMP synthase (dTMP-S)

The cell extracts were prepared and the enzyme content was titrated
with [6-°H]FAUMP as described under Experimental Procedures. The
bars indicate the standard deviation from 26 and 27 determinations for
untreated cells and from 9 (S-180) and 8 (Hep-2) for cells treated with
3 uM and 30 uM FUra, respectively.
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The parallel nature of dUMP and FAUMP pools is
most likely a reflection of the same pathways of break-
down of the two nucleotides. Thus, one may envision the
increase in dUMP pools as being the primary phenome-
non, which only secondarily causes an increase in free
FAdUMP by protecting it from breakdown. This is a
reasonable assumption in view of the 1000- to 2000-fold
excess of dUMP over FAUMP. In both cells the 1000- to
2000-fold excess of dUMP over FdAUMP was independent
of the actual concentrations. Being the substrate of
dTMP synthase, one would expect dUMP to compete
with FAUMP for the enzyme. However, since the ratio
of the respective K,, and K; values is 1000 (31), the 1000-
to 2000-fold excess of dUMP over FAUMP appears ade-
quate for maintaining only an equilibrium or maybe a
slow recovery of enzyme activity. It appears that dUMP
has to be present at much higher than 1000- to 2000-fold
excess to interfere efficiently with inhibition of dTMP
synthase by FAUMP. Preformed dUrd, when provided at
a concentration of 1 mM, was able to rescue S-180 cells
after FUra treatment as effectively as thymidine. Hep-2
cells were rescued in this manner after treatment with
FdUrd (19). Such dUrd concentrations, when maintained
continuously, are likely to create very high dUMP pools,
considering that even after 60 min with 1 mM dUrd these
pools already were 4.4 mM in Hep-2 cells and 100 uM in
S-180 cells (21).

In our earlier studies using [2-'*C]FUra, no FAUMP
was detected by radiochromatography (6, 18, 19). The
detection limit was estimated to be 2-4% of the total
acid-soluble radioactivity. Indeed, FAUMP became de-
tectable by radiochromatography only when [2-'*C]FUra
was applied together with 1 mM deoxyinosine (19). This
raised the FAUMP content to 5-13% of the total pools
in both cells. Table 2 lists the molarities in cell water of
the total acid-soluble pools derived from FUra and of
free FAUMP after varied concentrations of FUra. Gen-
erally, FAUMP comprised only 0.1-0.2% of the total
pools, except at 100 to 1000 uM FUra in Hep-2 cells,
where FAUMP rose to 0.3-1% of the total.

Effect of 5 uM extracellular dUrd on free FdUMP and
on total dUMP pools. We had observed earlier (6) that
in the less sensitive Hep-2, HeLa, and KB cells, but not
in the more sensitive S-180, LM, or U-cells, the pools of
[2-1*C}JdUMP were very high when these cells were in-
cubated for 60 min with 5 um [2-'*C]dUrd after a 3-hr
exposure to growth-inhibitory concentrations of FUra.
At that time, the total dUMP pools were not determined.
In order to assess the de novo contribution of dUMP to
these pools in the presence of extracellular 5 uM dUrd,
the total dAUMP pools were determined after 60 min in
the presence and absence of 5 uM dUrd after a 3-hr
exposure of Hep-2 cells to 0.1-1000 uM FUra. Unlike 1
mM dUrd (see above), this low extracellular level of dUrd
had no detectable effect on the total dUMP pools (data
not shown). It appears that the cells utilize preferably
the preformed dUrd and that this may limit the de novo
synthesis, possibly through feedback inhibition, at as-
partate transcarbamylase (32). In contrast, 5 uM dUrd
reduced the pools of free FAUMP in Hep-2 cells by
approximately 60% in 60 min at all concentrations of
FUra (data not shown). This observation is in accord

TABLE 2
Relationship of FAUMP pools to total acid-soluble FUra metabolites
uM FUra for Hep-2 cells S-180 cells
3hr
Total acid- FAUMP  Total acid- FAUMP
soluble® soluble®
uM in cell water uM in cel! water
1 — 0.006 + 0.003 10 0.017 £ 0.004
3 — — 32 0.025 + 0.004
10 25.5 0.027 £+ 0.012 96 0.112 + 0.03
30 82 0.108 + 0.009 296 —
100 228 26 0.5 980 0.96 + 0.37
300 640 — 2660 —
1000 2100 55+1.1 — 22105

¢ Data from Evans et al. (6) converted to molarities in cell water.

with our earlier studies showing that the rate of disap-
pearance of free FAUMP from Hep-2 cells was greatly
increased in the presence of 1 mM dUrd (21).

Changes in dUMP and FAUMP pools with time. In
order to reduce the dTMP synthase in both cells to
similar residual levels of activity (16-22 pmoles/min/mg
of protein), Hep-2 and S-180 cells were treated for 3 hr
with 30 uM and 3 uM FUra, respectively. Under these
conditions the residual levels of free dTMP synthase
were also similar: 0.29 + 0.13 pmole/mg of protein in
Hep-2 cells and 0.22 + 0.05 in S-180 cells (Fig. 2). These
concentrations of FUra had no effect on the subsequent
growth of either cell line when transferred into drug-free
medium (6, 19).

Figure 3 shows the changes in dUMP and FAUMP
pools with time in both cell lines. The levels of both
nucleotides were much higher in Hep-2 cells than in S-
180 cells until 24 hr after FUra removal, where the
relationship was reversed. Immediately after FUra re-
moval, the dUMP pools in Hep-2 were twice as high as
in S-180, namely 76 + 15 uM versus 37 + 8 uM. These
pools rose to 470 + 190 uM in Hep-2 at 6 hr but only to
75 = 8 uM in S-180 at 9 hr. Thereafter the pools declined
very rapidly in Hep-2, much more slowly in S-180.

Immediately after FUra removal, the total acid-soluble
pools of FUra were 82 uM in Hep-2 and 32 uM in S-180
(Table 2). The major metabolite (70-80%) was FUTP
(6). In contrast, FAUMP comprised only a minor fraction
of the total (0.1%), being 0.11 + 0.01 uM in Hep-2 and
0.025 + 0.004 uM in S-180. After FUra removal, the pools
of FAUMP continued to increase in parallel with dUMP
pools, reaching 0.4 + 0.1 uM in Hep-2 at 6 hr and 0.04
uM in S-180 at 9 hr. Thus, the acid-soluble FUra metab-
olites, which were present at the time of FUra removal,
continued to be converted to FAUMP. As with dUMP,
FAUMP was retained in S-180 much longer than in Hep-
2. Thus, at 24 hr, FAUMP in S-180 (25 nM) was more
than 3 times higher than in Hep-2 (7.4 nM). This long
retention of dUMP and FAUMP in S-180 cells and their
rapid disappearance in Hep-2 cells correlate with the
continued maintenance of dTMP synthase inhibition in
S-180 in contrast to its spontaneous recovery in Hep-2
(Fig. 5). Thus, the high pools of FAUMP in Hep-2 ini-
tially do not alone guarantee the role of dTMP synthase
inhibition in limiting growth.
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F1G. 3. Progress of dUMP and free FAUMP pools during and after exposure to FUra

Monolayers of cells in T-75 flasks were incubated for 3 hr with 30 ml of medium 1640 supplemented with 5% horse serum and either 30 uM
(Hep-2) or 3 uM (S-180) FUra. The medium was removed and the cell layers were rinsed with warm, drug-free medium. The incubation with
drug-free medium was continued up to 48 hr. At various times during and after treatment, flasks were removed; the cell layers were rinsed with
cold, serum-free medium; and dUMP and FAUMP were extracted and quantitated as described under Experimental Procedures. The points
represent the mean values of 2-19 separate determinations for FAUMP and of 2-9 for dUMP.

Effect of CF on dUMP and FAUMP pools. It had been
shown earlier (19) that, although an excess of folates (10
uM CF, 10 uM 5-CH;3-HPteGlu, or 300 uM PteGlu)
potentiated FUra action and made dTMP synthase in-
hibition growth-limiting in Hep-2, it had no effect on the
total acid-soluble pools, on FUTP, or on the incorpora-

tion of FUTP into RNA. Figure 4 shows that 10 uM CF
increased both dUMP and free FAUMP pools in Hep-2
cells in a parallel fashion after 30 uM FUra. Thus, im-
mediately after FUra removal, CF had increased the
pools of dUMP from 76 uM to 197 uM and the maximal
level (at 6 hr) from 470 uM to 860 uM. Similarly, the
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F1G. 4. Effect of excess CF in combination with FUra on dUMP and free FAUMP pools in Hep-2 cells

Monolayers of Hep-2 cells in T-75 flasks were preincubated for 24 hr with 30 ml of medium 1640 supplemented with 5% horse serum with
(®) or without (O) 10 uM CF. The medium was replaced with 30 ml of the same medium containing 30 uM FUra; the cells were incubated for 3
hr; and the cell layers were then rinsed with warm, drug-free medium. The incubation of both groups of cells was continued up to 48 hr with 30
ml of medium 1640 supplemented with 5% horse serum. At various times during and after FUra treatment, flasks were removed; the cell layers
were rinsed with cold, serum-free medium; and dUMP and FAUMP were extracted and quantitated as described under Experimental Procedures.
The points represent mean values of 2-9 separate determinations with CF and of 2-19 without.
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pools of FAUMP after FUra removal were increased from
0.11 uM to 0.22 uM and the maximum from 0.4 uM to 0.7
uM. Even though the decline of both pools was rapid
thereafter, the pools of FAUMP at 24 hr were still 0.027
uM, equal to the pools in S-180 cells at that time whether
or not CF was present (Fig. 3). Indeed, it is of interest
that CF had no effect on either dUMP or free FAUMP
pools in S-180 cells (data not shown). It thus appears
that only in Hep-2 cells did the presence of high CF
potentiate the inhibition of dTMP synthase leading to
increased accumulation of dUMP and secondarily to that
of free FAUMP.

Effect of CF on recovery of free dTMP synthase. In our
earlier studies we had shown that 10 uM CF, when applied
together with FUra, had no effect on the degree of d-TMP
synthase inhibition if measured immediately after FUra
removal (19). However, the recovery of dTMP synthase
activity, measured indirectly by [2-'*C]dUrd incorpora-
tion into DNA, was slowed down by CF at varied con-
centrations of FUra. Also, the presence of CF limited the
rescue with 1 mM dUrd, which in the absence of CF was
as complete as with dThd (19). All of these observations
had led to the conclusion that excess CF increased the
stability of the dTMP synthase-FAUMP complex.

In the present study, a direct titration of free d-TMP
synthase was undertaken in both cells to determine
whether CF indeed had an effect on the rate of appear-
ance of the free enzyme (Fig. 5). The concentrations of

FUra (30 uM for Hep-2, 3 uM for S-180) were those
chosen to result in similar residual activity immediately
after FUra removal. CF did not increase the extent of
dTMP synthase inhibition when measured immediately
after FUra removal. However, the rate of appearance of
free dTMP synthase was clearly affected in Hep-2 cells,
the differences in dTMP synthase levels being significant
at 9, 12, 24, and 45 hr (data not shown) after treatment,
with p values of <0.05, < 0.02, 0.005, and <0.02, respec-
tively. In S-180 cells no effect by CF was apparent. These
findings explain the effect, described above, which CF
had in increasing the d{UMP (and FAUMP) pools in Hep-
2, but not in S-180. These results, in conjunction with
the observation that CF made dTMP synthase inhibition
by FUra growth-limiting in Hep-2, indicate that enzyme
recovery is an important determinant of FUra response.

In conclusion, it appears that in cells such as Hep-2,
which are less sensitive to FUra, the capacity to accu-
mulate large pools of FAUMP is by itself not sufficient
for ensuring the significance of A TMP synthase inhibi-
tion in inhibition of growth. These types of cells may
require additional folates to slow down the spontaneous
recovery of dTMP synthase activity for a period neces-
sary for inhibition of DNA synthesis and thereby of
growth. Combination of FUra with deoxyinosine in-
creased FAUMP pools by 100-fold, and a further addition
of CF resulted in a 10-fold potentiation of FUra against
both S-180 and Hep-2 (19). These results suggest that
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FIG. 5. Effect of excess CF in combination with FUra on the spontaneous recovery of free dTMP synthase (dTMP-S) in Hep-2 and S-180 cells

Monolayers of cells were preincubated for 24 hr in medium 1640 supplemented with 5% horse serum with (®) or without (O) 10 uM CF. The
medium was replaced with the same medium containing 30 uM (Hep-2) or 3 uM (S-180) FUra, and the incubation was continued for 3 hr. The
cell layers were rinsed with warm, drug-free medium, and the incubation was continued up to 24 hr with medium 1640 supplemented with 5%
horse serum. At various times, flasks were removed and rinsed, and cell extracts were prepared and analyzed for free dTMP synthase as described
under Experimental Procedures. Each point represents an average of four or five determinations; the bars indicate + standard deviation.
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both CF and deoxyinosine should be tested for their
potential usefulness in improving the anticancer effect
of FUra.
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