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SUMMARY
Mouse FM3A mammary adenocarcinoma cells exposed to the
specific thymidylate synthetase (TS) inhibitor 1 0-propargyl-5,8-
dideazafolate (PDF) responded by overproducing TS up to 200-
fold. In the absence of inhibitor, the elevation of TS levels
decayed with a half-life of about 4 weeks. Southern blot analysis
of restricted DNA from the PDF-resistant cells using a TS-specific
probe showed that the TS gene was amplified to the same
extent as enzyme levels. The PDF-resistant cells showed mod-
erate cross-resistance to growth inhibition by 5-fluoro-2’-deox-
yundine, which increased with TS overproduction, but cross-
resistance to 5-fluorouracil (FUra) was less (2- to 3-fold) and did
not change with increased TS levels. TS activity, measured as

release of tntium from [5-3H]2’-deoxyuridine, was no higher in
the intact PDF-resistant cells than in wild-type cells. Inhibition of
TS activity by FUra in the wild-type cells was accompanied by a
proportional decrease in the amount of free TS, presumably due
to formation of the tight binding complex of TS with 5-fluoro-2’-
deoxyuridylate and 5,1 0’-methylenetetrahydrofolate. However,
in the PDF-resistant cells, most the TS was still in the free form
even though TS activity was substantially (85-90%) inhibited.
Addition of folinic acid did not change either the sensitivity of the
cells to FUra or the rates of tritium release in the cells having
overproduced TS. These results are consistent with compart-
mentalization of TS, possibly in a multienzyme complex.

The ability of cells to amplify genes permits them to develop
a Simple and effective mechanism of resistance to tight-binding

inhibitors of essential enzymes. The resulting overproduction
ofthe target enzyme “Soaks up” the inhibitor and then provides

enough extra enzyme activity to allow the cells to survive in
normally lethal levels of the inhibitor. Gene amplification was

first characterized in cells treated with the anticancer drug

MTX (1), which is a tight-binding inhibitor of DHFR. The

DHFR gene was found to be present at levels hundreds of times
above normal in cultured cells exposed to the drug and, more

recently, amplification of the DHFR gene has been observed in

clinical specimens from patients treated with MTX (2, 3).

Similarly, the levels of TS, an essential enzyme of DNA syn-

thesis, become elevated in cells treated with the cytotoxic agent
FdUrd (4, 5), which gives rise to the tight-binding TS inhibitor

FdUMP (6), and with PDF, a folate analog that specifically

and strongly inhibits TS (7).

We were interested in observing the effects of the pyrimidine

base FUra on TS-overproducing cells, because this drug, in

This investigation was supported by American Cancer Society Grant CH-1.

contrast to FdUrd, is thought to have multiple sites of action,
including (i) inhibition of TS through the metabolite FdUMP,

(ii) alteration of RNA processing because of extensive incor-

poration, and (iii) fragmentation of DNA due to incorporation

and excision of FUra residues (6, 8). The idea was that specif-
ically alterating one of the potential targets of FUra (i.e.,

increasing the amount of TS in the cells) would permit an

assessment of the contribution of that particular pathway to

the cytotoxicity ofthe drug. For example, it might be reasonable

to assume that if TS were the major target of FUra action then

cells which have elevated levels of TS ought to be proportion-

ately more resistant to the drug, whereas if effects on other

targets contribute significantly to the mechanism of action of

FUra cells would be killed by FUra without appreciable inhi-
bition of TS activity. Thus, we set out to develop highly TS-

overproducing FM3A cells and to examine the effects of FUra

on these cells with regard to the degree of cross-resistance,

inhibition ofTS activity, and free TS remaining after treatment

with growth-inhibitory levels of FUra. The salient findings of

this study were that, contrary to expectations, the apparent TS

activity in intact cells is not proportional to TS amplification
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and most of this activity can be inhibited by FUra without

binding up an appreciable percentage of the overproduced
enzyme. These results suggest that the overproduced TS does

not interact with exogenously supplied substrates and inhibi-
tors, which presents a complication for the use of these cells to
diagnose the mechanism of action of FUra.

Materials and Methods

FUra and FdUrd were obtained from Sigma Chemical Co. (St. Louis,
MO). Radiolabeled [5-3H]FdUMP (specific activity 21 Ci/mmol) and

[5-3H]dUrd (specific activity, 20 Ci/mmol) were obtained from Mora-
vek Biochemicals (La Brea, CA). PDF was a gift of Dr. Terry Jones.

Cell culture media and sera were purchased from GIBCO (Grand Island,
NY). 5,10-CH2H4folate was prepared as described previously (9). Plas-
mid pMTS-3, which contains cDNA corresponding to mouse TS
mRNA, was a gift of Dr. Lee F. Johnson.

Cell culture. Conditions for the growth of FM3A cells were similar
to those described by Ayusawa et al. (10). RPM! medium supplemented
with 10% dialyzed fetal calf serum (20 ml) in a plastic T-flask was
inoculated with a 1-ml suspension of FM3A cells to a density of 5 x
104/ml. The cells were allowed to grow at 37’ to a cell density of not

greater than 106 cells/mI. At this point, an aliquot of the cell culture
that contained about 5 x 1O� cells was removed and placed into a fresh

solution of medium and serum, so that the new culture would contain
about 5 x iO� cells/ml (usually about 20-fold dilution). Using this

growth procedure, cells were adapted to growth in stepwise increasing
concentrations of PDF. Adaptation is defined as the point at which the
growth rate of the cells in the presence of the drug became stabilized.
The cell cultures designated as 0.3Q, 0.6Q, and 1.2Q correspond, re-
spectively, to cultures adapted and maintained in 0.15, 0.3, and 0.6 mM

PDF.
For determination of the growth inhibitory potency of the drugs, TS

activity, and TS content, cells were first grown without any added PDF
for at least three medium changes, resulting in a dilution of the original
PDF concentration by about 8000-fold. Although we did not synchro-
nize the cell cultures for these experiments, we used cells that were as

nearly as possible at the same stage of mid-logarithmic growth (5 x 1O�
cells/ml).

Intracellular TS activity. The assay for TS activity in intact cells
involved measuring the release of tritium from [5-3H]dUrd, based on

the method described by Yalowich and Kalman (11). About 106 cells

were removed from a logarithmically growing culture, centrifuged at

800 rpm for 10 mm, and resuspended in 5 ml of fresh medium. [5-3H)
dUrd (2.5 Ci/mmol) was added in volume of 10 �tl to give a final

concentration of 1 �tM. Aliquots of 0.2 ml were removed from the

reaction mixture at intervals, after it was verified that the cells were
well suspended. Each aliquot was added to a 1.5-ml polypropylene
Eppendorf micro-test tube containing 1 ml of 3% charcoal in 0.2 N

hydrochloric acid. The mixtures were shaken on a vortex mixer for 10

sec and allowed to stand at room temperature for 10 mm. The micro-

tubes were then centrifuged in a model 235C Fisher microcentrifuge
for 10 mm and 0.6 ml of the supernate was removed for liquid scintil-

lation counting.
Analysis of the TS gene. For Southern blot analysis (12) of TS

gene sequence, 0.1-5 �tg of DNA, isolated from the parent FM3A cells
and the 0.6Q cells by the method of Pellicer et al. (13), were treated

with EcoRI, fractionated through a horizontal 0.4% agarose gel, and

transferred to a nylon membrane (Schleicher and Sehuell). The 1.1-

kilobase PstI fragment of pMTS-3 (14) was used as the hybridization

probe after it was labeled by the random priming method (15) with
[32P]dCTP (3000 Ci/mmol).

TS content of cells. The amount of TS present in cell-free super-
natants was determined by binding the enzyme to excess [5-3H]FdUMP

in the presence of 5,iO-CH2H4folate, essentially as described previously
(16, 17).

Results

Amplification of TS levels in cells grown in the pres-

ence of PDF. PDF inhibited the growth of the parent FM3A

cells with an IC�0 value of 2 �M. The cells were adapted to

stepwise increases in drug concentration by propagating them

in the presence of the drug until the doubling time of the cells

did not decrease any further. Adaptation of the cells to 0.15

mM PDF required about 6 weeks of growth in culture, but

subsequent steps of adaptation to the higher drug levels oc-

curred more rapidly. The maximal growth rates of the cell

cultures that were resistant to each successively higher drug

concentration decreased from a doubling time of 12 hr for the

parent cells to about 18 hr for the 1.2Q cells. As shown in Table

1, the amplification of TS was linearly proportional to the

concentration of PDF to which the cells had become resistant.

These values represent maximal plateau levels of TS in the

PDF-resistant cells, which were attained concomitantly with

stabilization of the growth rates of the cells in the presence of

PDF. When the cells were grown in the absence ofthe inhibitor,

the TS levels of the cell culture declined with a t,. value of

approximately 4 weeks (40-60 generations).

Analysis of the relative amount of the TS gene. In order

to verify that the enhancement of TS levels in the PDF-

resistant cells was due to gene amplification, we carried out a

Southern blot analysis of the TS gene in EcoRI-restricted

genomic DNA from wild-type FM3A and the 0.6Q cells, using

mouse TS probe pMTS-3 developed by Geyer and Johnson (14)

(Fig. 1). Densitometer scans showed that the bands were about

90-fold more intense than in the wild-type cells, which corre-

lates well with the 100-fold TS elevation found in these cells

(Table 1). A band at 5 kilobases did not appear to be amplified.

Cross-resistance of the TS-amplified cells to growth

inhibition by FUra. Growth of the wild-type cells was inhib-

ited by FUra with an IC50 value of 0.2 �tM (Table 2). The IC50

values for growth inhibition of the PDF-resistant cells were

only about 3-fold higher than this value even though these cells

were substantially cross-resistant to FdUrd. The IC50 values of
FUra against the TS-overproducing cells were similar, regard-

less ofthe degree of TS elevation, in contrast to those of FdUrd,

which increased with increasing TS content of the cells.

TS activity in intact cells. The measurement of TS activ-

ity cells is based on the intracellular conversion of [5-3H]dUrd

by thymidine kinase to [5-3H]dUMP, which, when converted

to dTMP by the action of TS, will release 1 equivalent of

tritium into the water (11, 18). Because the assay depends on

a coupled enzyme system, it probably cannot be used to deter-

TABLE 1
TS content of PDF-resistant FM3A cells
FM3A cells were grown in the presence of incrementally increasing PDF concen-
trations, as described in Materials and Methods. The TS contents of the supema-
tants of the resistant cells were determined by the [3HJFdUMP binding assay after
the growth rate of the cells in the drug had become constant and represent plateau
values that did not increase further upon prolonged maintenance of the cells in the
concentrations of PDF indicated.

Cells resistant
to concentration

of PDF

Our
desgnabon

FdUMP binding Ratio of
TS content

MM

150
Wild-type

0.3Q

pmol/1O’ cells

0.12 ± 0.02

7.32 ± 1 .20
1

61
300 0.60 12.2 ± 2.3 100
600 1 .2Q 25.2 ± 3.2 210
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indicate the fold resistance.
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Kb A B C

Fig. 1. Southern blot analysis of the TS gene from wild-type and PDF-
resistant FM3A 0.60 cells. DNAs were digested with EcoRl and fraction-
ated on a 0.4% agarose gel. The products were transferred to nylon and
hybridized to 32P-labeled DNA from pMTS-3. Lane A, 5 �tg of DNA from
wild-type FM3A cells; lane B, 0.5 zg of DNA from 0.60 cells; lane C, 5
�g of DNA from 0.60 cells.

TABLE 2
Cross-resistance of PDF-resistant FM3A cells to cell growth
inhibftion by fluoropyrimidines

Ceft type
IC50values

Fdlkd Flia

flM �M

FM3A wild-type 0.20 ± 0.05 2.0 ± 0.3
0.3Q 5.2 ± 0.5 (26) 5.1 ± 0.5 (2.5)
1.20 22 ±5(110) 5.5±0.5(2.7)
1.20+0.1 mMfolinicacid 22 ±5(110)

mine Vmax or Km values for TS; however, it might be expected

when comparing two or more cell lines that the initial rate of
tritium release should be proportional to the respective

amounts of TS in the cells, provided that the activity of

thymidine kinase and other factors such as nucleotide trans-

port, dUMP, and folate levels did not vary. Thus, we originally

anticipated using this assay as a convenient method of following

elevation of TS levels in the PDF-treated cells as they devel-

oped resistance to the drug. However, as seen in Fig. 2, the

TIME ( Mm)

Fig. 2. TS activity in intact FM3A cells. TS activity was determined by
the rate of tntium release form [5-3HJdUrd in untreated cells and in cells
after treatment with 0.1 mM FUra for 2 hr, as described in Materials and

Methods.

rates of tritium release from [5-’H}dUrd administered to the

PDF-resistant cells were the same as or less than that of the

wild-type control cells, regardless of the degree of TS amplifi-

cation. When the concentration of [5-3HldUrd given to the

cells was increased 10-fold, the absolute reaction velocities of

tritium release increased proportionately, but the relative rates
of tritium release were still the same as in Fig. 2 (data not

shown).

Inhibition of TS activity by FUra and correlation with
levels of total free TS in the cells. In the wild-type FM3A
cells FUra inhibited almost all ofthe tritium-release TS activity
within 30 mm of exposure time, whereas in the TS-elevated

cells FUra inhibited most, but not all, of the initial TS activity

(Fig. 2). This residual TS activity, which was not eliminated

by higher concentrations of FUra and was constant at least

over the time period of this experiment (90 mm), was higher

(about 15% of original) in the 1.2Q cells than in the 0.6Q cells

(about 10% of original). We wanted to see whether the decrease

in TS activity after FUra treatment would be matched by a

corresponding decrease in the total free TS present in the cells.

Accordingly, free TS remaining after FUra treatment was

measured by the E6�tH]FdUMp binding assay (6, 17). The

correlation between TS inhibition and free TS remaining was

good in the wild-type cells. As shown in Table 2, there was

little free TS remaining (10% of original) in the wild-type cells

after 2 hr of FUra treatment. However, the levels of free TS in

the 0.6Q and 1.2Q cells did not shown any significant decrease,

in spite of the substantial inhibition of TS activity by FUra.

The 1.2Q cells were exposed to FUra for longer time periods to

see whether eventually more of the total TS in the cells might

not become inhibited. After a 48-hr exposure time, the total

free TS per surviving cell appeared to decrease by about 10%,
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I p v. Danenberg, unpublished results.

which corresponds to an amount of enzyme roughly 20 times

that normally found in cells not adapted to the drugs.

Discussion

In this study, we have shown that resistance of mouse mam-

mary carcinoma FM3A cells to the specific TS inhibitor PDF

was accompanied by a linear elevation in intracellular levels of

the target enzyme TS and a similar degree of amplification of

the TS gene. Elevation of TS in response to TS inhibitors has

been observed previously in cells resistant to FdUrd (4, 5) and

PDF (7), but the reported increases were lower than obtained

in the present study and, moreover, seemed to occur only to a

limited extent. For example, Rossana et al. (4) found it difficult

to obtain more than a 20-fold TS elevation in response to

FdUrd unless MTX-resistant cells were used, in which case the

TS elevation increased to 51-fold (4). Berger et al. (5) found

that folinic acid was necessary to obtain appreciable TS eleva-

tion in response to FdUrd; they proposed that a limiting factor

on TS overproduction was depletion of reduced folates in the

cells due to the formation of large amounts of the ternary TS-

FdUMP-5,10-CH2H4 folate complex. However, folate depletion

would not be expected to limit TS overproduction in PDF-

treated cells, because PDF can itself act as the folate component

of the ternary complex (19). Jackman et al. (7) reported a 45-

fold TS elevation in PDF-resistant L1210 cells, but it was not

clear whether this was the maximal amount of enzyme elevation

that could be attained with the drug. With the FM3A cells, we

have not yet been able to determine that there is a maximal

TS amplification. Further exposure of the 1.2Q cells to 1.0 mM

PDF resulted in 400-fold overproduction of TS,’ but at concen-

trations higher than this the inhibitor was insoluble. With

more soluble inhibitors, it should be possible to push the TS

elevation even higher. Because TS is easily purified by means

of affinity chromatography (16), such highly TS-elevated cells

may be useful as a source of large amounts of mammalian TS

for enzymological, X-ray crystallographical, or sequencing stud-

ies.

The Southern blot of the DNA from the 0.6Q cells shows

that the major portion of the bands hydridizing to the mouse

TS probe were amplified to the same extent that the TS protein

was overproduced, without any apparent rearrangements of the

amplified gene. However, there was an unamplified band of

about 5 kilobases, indicating the presence of pseudogenes or
possibly another functional unamplified TS gene that is sepa-

rate from the region of amplification. A similar unamplified

band was observed previously in FdUrd-resistant mouse cells
(5). The decline in TS levels after withdrawal of the inhibitor

suggests that a substantial percentage of the amplified TS gene

resides in unstable double minute chromosomes (20).

The low tritium-release activity in the PDF-resistant cells

(Fig. 1) was contrary to our initial expectation that the rate of

this reaction would be greater in cells having higher TS levels.

In fact, the apparent TS activity in the 1.2Q cells was 30%

lower than in wild-type cells, roughly in proportion to the

reduced growth rate of these cells. These results show that in

the drug-resistant cells, which contain TS levels hundreds of

times greater than normal, not more than a small fraction of

the potentially available enzyme activity is utilized. The most

likely explanation for this phenomenon is that enzyme activity

is being limited by substrate availability. It seems reasonable

to suppose that, if the cellular metabolism is adapted to furnish

a sufficient quantity of substrates for wild-type levels of en-

zyme, abnormally high levels of activity from overproduced

enzyme could only be sustained for a short time until the

available substrate pool is used up. When this happens, the

enzyme activity would be limited by the rate of production of

its substrates by other enzymes. In the case of TS, these

enzymes would most likely be either dihydrofolate reductase or

ribonucleotide reductase, which furnish tetrahydrofolate and

dUMP, respectively.

Folinic acid has been shown to expand the 5,10-C2H4folate

pool in mouse cells by about 6-fold (21), but addition of this

precursor to the cell cultures produced no change in tritium

release rates, suggesting that reduced folate levels are not the

limiting factor on the TS activity. The previous observation

that hydroxyurea, an inhibitor of ribonucleotide reductase, also

causes concomitant inhibition of TS activity (18) shows that

the turnover rate of TS could be dependent on the rate of

dUMP synthesis. If the amount of dUMP produced really is
limiting for the activity of TS, the rate of tritium release may

be mostly determined by the activity of thymidine kinase, that

is, by the rate of conversion of labeled dUrd to dUMP.

Even though the above data show that the tritium-release

activity cannot be used to determine absolute TS levels in cells,

the assay should still be valid for evaluating inhibition of TS,

because this involves measuring a relative decrease in enzyme

activity. Fig. 2 shows that, in wild-type FM3A cells treated with

a growth-inhibitory dose of FUra, almost complete inhibition

of tritium release activity was observed within 2 hr of exposure.

Although in some experiments about 10% of the total TS still

appeared to be in the free form when there was little detectable

tritium release activity, in general the loss of enzyme activity

corresponded fairly closely to formation of the ternary TS-

FdUMP-5,10-CH2H4folate complex (Table 3). With the TS-

overproducing cells, there were several unexpected results. It

was reasonable to suppose that the FdUMP produced from

FUra would be soaked up by the excess enzyme present in these

cells just as PDF is and, therefore, inhibition of TS activity

would require much higher drug levels and/or longer exposure

times. However, maximal inhibition of TS activity occurred

just as rapidly (i.e., within 2 hr) at the same concentration of

FUra that inhibited TS in wild-type cells. The most surprising

aspect of the behavior of the PDF-resistant cells was that

inhibition ofmost ofthe TS activity (85-90%) occurred without

any apparent depletion of the total free TS in these cells. This

observation does not appear to be consistent with the basic

principle of enzyme inhibition theory that loss of enzyme

TABLE 3
Effect of FUra treatment on the intracellular TS levels
The wild-type and PDF-resistant FM3A cells were treated with 0.1 mM FUra for the
indicated times, after which total intracellular TS content was determined by the
[5-3H]FdUMP binding assay, as described in Materials and Methods. Each value is
an average of at least three determinations.

CellS
Flfra

treatment

TS content

Before Flka After FtYa

hr cpm of f5-’H)FdUMP bound/106 cells

FM3A wild-type 2 5400 ± 500 600 ± 250

0.60 2 5.20 ± 0.04 x iO� 5.10 ± 0.05 x 1O�

1.20 2
48

1.08±0.05x106 1.10±0.06x 106
0.98±0.05x 106
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activity is due to the formation of a corresponding amount of

an enzyme-inhibitor complex. One possible explanation is that

the decrease in TS activity is an indirect effect due to depletion

of 5,10-CH2H4folate as the ternary complex is formed. This

mechanism was proposed by Jackman et al. (7) to account for

the fact that their PDF-resistant L1210 cells with highly ele-

vated TS were not initially cross-resistant to FdUrd but did

become cross-resistant when folinic acid was added. However,

the FM3A cells that we used in these studies appear to have

higher endogenous levels of reduced folates because (i) the cells

had some cross-resistance to FdUrd and (ii) addition of folinic

acid altered neither sensitivity to FdUrd nor the effect of FUra

on intracellular TS activity.

The inhibition data are difficult to interpret in terms of a
one-compartment model for intracellular TS. Instead, it ap-

pears as if only a small portion of the TS in the overproducing

cells comes into contact with substrates or inhibitors, possibly

because of compartmentalized localization of the enzyme corn-

bined with channeling of nucleotide precursors directly to this

pool of TS. There is considerable evidence, although mostly

indirect, that DNA synthesis enzymes, including TS, are assem-

bled in a multi-enzyme complex during replication (22, 23, 24).

One of the main functions of such complexes presumably is to

channel substrates from one enzyme to the next in the meta-

bolic pathway, thereby achieving greater metabolic efficiency.

If such an apparatus did exist in these cells, both the inhibition

data and the enzyme activity data could be explained by a

channeling of dUMP and FdUMP directly to the active TS in

the replication complex. In this way, the TS activity could be

inhibited by FUra without the need for complexing of the bulk

of the overproduced enzyme, which would be inactive because

of lack of access to substrates. However, this inactive enzyme

is of survival value to cells exposed to PDF because it acts as a

sponge for the drug, which enters the cell as the active inhibi-

tory form. Fernandes and Cranford (25), noting that CCRF

cells exposed to FdUrd contained substantial amounts of free

TS even though DNA synthesis was inhibited, also suggested

that the accumulated free TS might be enzyme that had not

become integrated into a multi-enzyme complex.

It is interesting to note that 10-15% of the TS activity was

not inhibitable by FUra in the PDF-resistant cells. In the

context of the above hypothesis, this residual activity may be

due to leakage of [5-’H]dUMP into the larger pool of TS. The

effect of FdUrd against the PDF-resistant cells may be ex-

plained in similar terms. The cells do show cross-resistance to
FdUrd, indicating that the amplified TS pool does sequester a

portion of the FdUMP generated from FdUrd. However, the

cells are much more sensitive to growth inhibition by FdUrd

than would have been expected considering the amount of extra
TS in these cells. In the previous study of Rossana et al. (4),

3T6 cells that were selected for resistance to FdUrd had 13-

fold elevated TS and were 250-fold resistant to FdUrd; by

contrast, our 1.2Q cells contain 200-fold more TS than normal

but are only about 100-fold resistant to FdUrd. Thus, it is likely

that there is still considerable free TS in the PDF-resistant

FM3A cells when they are being growth-inhibited by FdUrd.

These results have shown that there is not necessarily a close

association between enzyme activity and the total amount of

enzyme in intact cells. Thus, the assumption made in many

studies that the ratio of “free” TS to FdUMP-bound TS accu-

rately reflects the percentage of TS enzyme activity remaining

after fluoropyrimidine treatment may not be correct in all cases.

The compartmentalization model that we have suggested can

be considered as a working hypothesis at this time, which

should be further tested. If true, it will probably have novel

implications for many studies of drug mechanisms.
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