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Thymidylate Synthase from Untreated Human
Colorectal Cancer and Colonic Mucosa: Enzyme
Activity and Inhibition by 5-fluoro-2’'-deoxy-
uridine-3’-monophosphate

Godefridus J. Peters, Cees J. van Groeningen, Emile J. Laurensse
and Herbert M. Pinedo

Inhibition of thymidylate synthase (TS) by the S-fluorouracil (5-FU) metabolite FAUMP is considered to be the
main mechanism of action of 5-FU. TS from colorectal tumours and normal colon mucosa from 10 untreated
patients was studied. There was a large variation in the activity of tumour TS both at 1 and 10 pmol/l of its
substrate dUMP; in normal mucosa this variation was less. Inhibition by 10 nmol/l FAUMP in tumours varied
from 80 to 90% at 1 pmol/l dAUMP; in normal mucosa, inhibition varied from 10 to 80%. The number of FAUMP
binding sites ranged from 0.1 to 1 in tumours but such binding sites were not detectable in normal mucosa. The
ratio between TS activity and FAUMP binding sites varied considerably in tumours but not in normal mucosa.
The deviations from normal kinetics may represent a mutant TS form. Alterations in TS may partly account for

differences in response to 5-FU.
Eur ¥ Cancer, Vol. 27, No. 3, pp. 263-267, 1991.

INTRODUCTION

THYMIDYLATE sYNTHASE (TS) is a key enzyme in the de nove
synthesis of thymidine nucleotides, for which deoxyuridine 5'-
monophosphate (dUMP) is the substrate and 5,10-methylenete-
trahydrofolate (CH,-THF) the methyl donor. The K, for the
substrate is about 1-5 pmol/l [1-4], while the K, for CH,-THF
varies between 10 and 50 pmol/l. Inhibition of TS by the
metabolite 5-fluoro-2'-deoxy-UMP (FAUMP) is one of the main
mechanisms of action of 5-fluorouracil (5-FU). 5-FU is one of
the few drugs useful in colorectal cancer [4]. Leucovorin, a
precursor for CH,-THF, potentiates the effect of 5-FU in
patients [5], in mice [6-8] and in vitro [8]. Inhibition of TS by
FdUMP is probably of crucial importance in the action of 5-FU
in patients [8-10].

TS is inhibited by the formation of a covalent ternary complex
between the enzyme, FAUMP and CH,-THF [2—4]. This com-
plex is rapidly formed and the rate of dissociation may determine
the efficacy of 5-FU. TS can also be inhibited by an unstable
binary complex between FAUMP and TS [4, 11, 12]. In cell
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and tissue extracts FAUMP is a potent competitive inhibitor
of TS (K; about 1 nmol/l). Retention of inhibition is mainly
determined by the stabilisation of the ternary complex by CH,-
THF or one of its polyglutamates [13, 14]. In addition the
concentrations of FAUMP and dUMP will influence the extent
of inhibition. I'n vitro, resistance to 5-FU or 5-fluoro-2’-deoxyuri-
dine (FUdR) has been related to altered kinetics of TS for
dUMP and FAUMP binding [2, 4, 15], disturbed folate pools
[14] and the level of enzyme before treatment [15]. Gene
amplification of TS has been demonstrated for FUdR-resistant
cell lines [16]. Evidence for gene amplication has also been
obtained in a patient with colon cancer who developed resistance
against 5-FU [17], while in breast cancer patients binding of
FAUMP and the effect of CH,-THF decreased during develop-
ment of resistance [9].

These aberrations in kinetic properties may affect the extent
and duration of inhibition of TS by FAUMP, perhaps even
precluding synergism between LV and 5-FU. For instance, one
form of TS in a cell line was resistant to inhibition by FAUMP
[18]. Therefore we have measured the activity of TS, inhibition
by FAUMP and the binding of FAUMP to TS in biopsy
specimens of colorectal tumours from previously untreated
patients. To establish whether gastrointestinal toxicity may be
attributed to enzyme inhibition, we also studied adjacent normal
mucosa. Part of the data have been reported in preliminary form
[19].
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MATERIALS AND METHODS

Chemicals

Tetrahydrofolate (THF), collagenase and DNAse were pur-
chased from Sigma. The synthesis of CH,-THF from THF has
been described [20]. [5-°H]-dUMP and [6-*H]-deoxyuridine
were obtained from Amersham International. [6-*H]-FAdUMP
was obtained from Moravek Biochemicals, Brea, California. All
other chemicals were of standard analytical quality.

Enzyme preparation

Biopsy specimens of primary colorectal tumours and adjacent
healthy mucosa (free from underlying muscle) from untreated
patients were obtained as soon as possible after surgical removal,
and immediately frozen and stored in liquid nitrogen. Care was
taken that visible necrotic regions were not frozen. Under these
conditions the enzyme was stable for at least 3 years and
biochemical properties of stored tissues were similar to those of
the same tissues assayed immediately. Frozen tissues were
pulverised in a microdismembrator [21]. The powder was
weighed and suspended in assay buffer (50 mmol/l Tris-HCI,
1 mmol/l EDTA, 10 mmol/l dithiothreithrol, pH 7.4) at 1 g
tissue per 3—4 ml buffer. The suspension was centrifuged at
2500 g (5 min, 4°C) and the supernatant was centrifuged at
11 000 g (10 min, 4°C). The supernatant was immediately used
for measurement of TS.

Assays of TS

All assays were done at 37°C in a shaking water-bath. The TS
catalytic assay and the FQAUMP binding assay were done with
the 11 000 g supernatants. It is unlikely that intrinsic cytosolic
dUMP levels interfere with the assay, since the homogenate is
diluted several times during preparation and subsequently in
the assays. The catalytic activity of TS was measured with a
tritium release assay at 1 and 10 wmol/l [5-3H]-dUMP [20]. The
reaction mixture (total volume 50 pl) contained 50-500 pg
protein (equivalent to 2-25 ul of 11 000 g supernatant). To
inhibit breakdown of nucleotides we also added 100 mmol/l NaF
and 15 mmol/l cytidine monophosphate (CMP). The incubation
time was usually 30 and/or 60 min; the reaction was linear with
time (up to 60 min) and protein concentration. The assay was
terminated by the addition of 50 pl 35% trichloroacetic acid
(TCA) and unreacted [5-°*H]-dUMP was bound by the addition
of 250 wl 10% activated charcoal. FAUMP binding was assayed
essentially as described [22]. 11 000 g supernatant (total volume
of assay 250 pl; 100-1000 pg soluble protein, equivalent to
about 10-100 pl 11 000 g supernatant) was incubated with
[6-*H]-FAUMP and CH,-HF (30 nmol/l and 350 wmol/] final
concentrations, respectively) for 1 h. We also added 100 mmol/l
NaF and 15 mmol/l CMP. The incubation was terminated by
addition of 500 wl 10% activated charcoal in 0.2 mol/l HCI to
bind free PH]-FAUMP; the suspension was centrifuged and
radioactivity in the supernatant was counted. For both the
catalytic and FdUMP binding assays blanks were about
1000 dpm; only reactions which gave at least 1.5-2 times higher
dpm were evaluated.

From several patients enough tumour material could be
obtained to isolate intact tumour cells. After surgical removal
the tumour was immersed in DMEM containing 20% fetal
bovine serum buffered with 20 mmol/l HEPES in the presence
of penicillin and streptomycin. Viable-appearing regions of the
tumours were removed, cut into small pieces and incubated (1 g
per 5 ml) with collagenase (1.5 mg/ml) and DNAse (200 pg/ml)
for 45 min at 37°C. After the incubation the tissues were filtered
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Fig. 1. Activity of TS in biopsy specimen of human colon tumours
(closed circles) and colonic mucosa (open circles). Lines connect
samples from the same patient. Activity (both at 1 and 10 pmol/l
dUMP) in tumours was significantly higher than in mucosa
(P < 0.001, two-tailed U test). Amount of soluble protein in both
tumour and mucosa samples was about 33 mg/g wet weight.

twice over a stainless steel screen (250 mesh, then 40 mesh) and
the filtered cells were precipitated by centrifugation (2 min
at 4°C at 400 g), suspended in DMEM and counted in a
haemacytometer. The pieces of mucosal cells were washed
several times with phosphate-buffered saline pH 7.4 until the
supernatant was clear. Colonocytes (colon mucosa cells) were
prepared by the chelation—elution method [23]. These pro-
cedures gave a yield of about 27.10° tumour cells and 7.10°
colonocytes per g tissue. The cell suspensions were incubated in
100 pl (0.2 x 10° cells) in flat-bottom 96-well plates in the
absence and presence of 1 and 10 wmol/l 5-FU for 1 h; [6-*H]-
deoxyuridine (final concentration 0.1 wmol/l; 0.7 TBq/pmol)
was added. After incubation for 2 h the high molecular material
was precipitated on glass-fibre filters in a cell-harvester and
radioactivity was estimated after solubilisation [24]. The con-
ditions for the [6-*H]-deoxyuridine test were optimised in two
human colorectal cell lines (WiDr and Intestine 407, data not
shown) that had been previously characterised [20, 33]. The
difference in [6-*H]-deoxyuridine incorporation between the
cell lines was similar to that of the TS activity. In these cell
lines, as well as in isolated tumour cells, [6-*H]-deoxyuridine
incorporation increased linearly with time.

RESULTS

The tumours were obtained from 10 patients with histologi-
cally proven colorectal cancer. The differentiation varied from
poor to moderate. Dukes’ classification varied from A to C. The
median age of the patients was 56 (range 54-90). Biochemical
variables were not correlated with clinical response because most
patients were not treated with chemotherapy subsequently.

The activity of TS and its inhibition by FAUMP were assayed
at 1 and 10 umol/l dUMP to detect variations in kinetics [20].
Saturating CH,-THF (as a racemic mixture) concentrations
(350 wmol/l) were used. In tumours, phosphatase activity is
high [17, 25]. Addition of NaF and CMP to the TS assay to
inhibit breakdown of nucleotides ({UMP and FAUMP) led to
contradictory results; in most samples T'S activity was somewhat
higher, but in one sample the activity was even lower. All
reported values contained NaF and CMP in the assay mixture.
There was a large variation in the activity of TS in tumours,
more so at 10 than at 1 umol/l dUMP (Fig. 1). In mucosa the
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Table 1. Relation between TS activity of tumours and mucosa

Ratio tumour/ Ratio between 10 and 1 pmol/t dUMP}

mucosa* Tumour Mucosa

1 pmol/l 10 wmol/l - + - +
Tumour dUMP dUMP FdUMP FdUMP FdUMP FdUMP
A 2.5 29 3.1 i1.3 2.7 6.8
B 4.1 3.8 3.1 10.0 2.7 9.6
C 5.0 6.1 3.2 8.4 2.6 8.0
D 279 28.5 5.9 6.8 5.8 11.8
F 12.0 15.8 4.0 9.0 3.1 4.2
G 5.2 7.0 3.6 ND 2.6 ND
L 1.1 1.0 2.8 NA 3.2 NA
M 8.2 9.7 3.8 23.6 3.2 4.4
N 33 3.7 4.3 7.8 3.8 3.0
(6] NA NA 4.1 6.4 NA NA

*Ratio between 10 and 1 pmol/l dUMP was significantly higher in
tumours than in normal mucosa (P < 0.05, one-tailed Mann—Whitney
U test).

fRatios between 10 and 1 pmol/l in the absence of FAUMP were
significantly lower than in presence of FAUMP (P < 0.001 in tumours
and P < 0.01 in mucosa).

NA = not available; for patient O no mucosa sample was available,
while for patient L. not enough sample was available to measure inhibition
of TS at 10 pmol/l dUMP in mucosa. ND = not detectable.

variation in the activity of TS, at both dUMP concentrations
was lower. However, in all patients (except L) TS activity was
higher in the tumour than in mucosa, varying between 1 and 28
fold. The ratio of TS activity between 10 and 1 pmol/l JUMP
in tumours varied between 2.8 and 5.9, the highest ratio was
found at the highest activity. In mucosa this ratio varied between
2.6 and 5.8 (Table 1).

Inhibition by FAUMP was measured by simultaneous addition
of both dUMP and FAUMP. In tumours, inhibition by 10 nmol/l
FAUMP varied between 40 and 90%, being higher at 1 than at
10 pmol/1 (Fig. 2). In healthy mucosa of most patients, inhi-
bition by FAUMP (at 10 p.mol/t dUMP between 0 and 80%)
was less than in tumours. The large variation in inhibition by
FAUMP between tumours and mucosa was also expressed by
the variation in the ratio of TS activity at 10 and 1 pmol/l
FAUMP (Table 1).

FAUMP binding in tumour samples was measured in the
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Fig. 2. Inhibition of TS by 10 nmol/l FAUMP expressed as activity

of TS in the presence of FAUMP compared with activity in absence

of FAUMP. ND = not detectable in patient G or not done in patients

and O since not enough material was available. Control bar represents
TS activity in the absence of FAUMP.
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Fig. 3. Binding of FAUMP to TS. Number of binding sites for

FAdUMP in tumours was significantly higher than in mucosa

(P < 0.001 two-tailed Mann-Whitney U test). No bar for mucosa
means that no FAUMP binding could be detected.

absence and presence of NaF and CMP to inhibit nucleotide
breakdown. We observed a 1.5-5 fold higher FAUMP binding;
so the presence of NaF and CMP is essential. FAUMP binding
was assayed in the presence of an optimum folate concentration.
The amount of FAUMP binding in tumours varied between 0.1
and 1.0 (Fig. 3), being less than the variation in TS activity.
Only in 2 patients (B and F) could FAUMP binding be detected
in the absence of exogenous folate; binding was 5 fold lower. In
mucosa FAUMP binding to TS was at least 3 times lower than
that in tumour from the same patient, except patient L; FAUMP
binding was always lower than 0.1 pmol/mg protein. In colonic
mucosa binding of FAUMP was not detected in the absence of
folates.

From 4 pauents (C,E,F and H) from whom we obtained
enough tumour material, intact cell preparations were prepared.
Viability by trypan blue exclusion was 77% for the tumour cells
and 51% for the colonocytes. In colonocytes incorporation of
deoxyuridine into DNA could not be quantitated, in tumour
cells incorporation of deoxyuridine into DNA varied between
0.03 and 0.11 pmol/h per 10° cells. The ratio of deoxyuridine
incorporation into DNA between patient C and F was similar to
the ratio of TS activities. Unfortunately not enough material
was available from the other patients to calculate such a ratio.
After a preincubation with 1 or 10 pmol/l 5-FU, inhibition of
deoxyuridine incorporation into DNA varying between 40 and
80 and 40 and 100%, respectively, was observed.

In most patients we were able to measure both TS catalytic
activity and FAUMP binding capacity, which enabled us to
calculate a ratio (Fig. 4). In mucosa these ratios varied from 96
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Fig. 4. Ratio between TS catalytic activity (pmol/h per mg protein)
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to 450 and from 368 to 1450 for TS catalytic activity at 1 and
10 pmol/l dUMP, respectively. However, in tumours these
values varied from 75 to 837 and from 516 to 2961. Thus, in
normal mucosa, all values were in a smaller range than those in
tumours. The aberrant values in tumours were all higher than
those in mucosa.

DISCUSSION

In primary colorectal tumours TS showed a large variation in
activity and inhibition by FAUMP. This biochemical heterogen-
eity may be related to variation in response. However, no data
are available from the patients in this study to make such a
correlation.

The activity of TS in tumours showed a much larger variation
than in normal mucosa from the same patients. The small
variation of TS in mucosa from these patients might be related to
the normal interindividual differences, since similar differences
have been observed in the activities of other enzymes involved
in the activation of 5-FU [21, 26, 27]. However, in tumours
from these patients, the activities of these enzymes also show a
small variation, in contrast to that for TS. FAUMP binding to
TS also had a large variation, but the pattern was different from
that for TS activity. In the tumour with the lowest TS activity, we
even found the highest FAUMP binding. TS activity expressed as
deoxyuridine incorporation into DNA, and its inhibition by 5-
FU, also showed considerable variation. However, this assay
requires more material and is more laborious.

Variations in TS activity in colon tumours have also been
observed by others [28-31]. Luccioni et al. [28] expressed this
variation as the ratio in activity between tumour and normal
tissue; the ratio varied from 0 to 24. The variation in TS
activity could be partly related to aberrations in chromosomes,
particularly in » under 18 [28, 32]. In contrast to Wolberg and
Morin [29], we were able to measure TS activity in all samples
of normal colon mucosa. TS activity in measurable samples of
both mucosa and tumours reported by these investigators is in
the same range as our values at 1 pmol/l dUMP. Results from
Hashimoto et al. [31] are in the same range as our data at 10
pmol/l dUMP. Also, TS activity reported by Spears ez al. [10]
in pretreatment samples are similar to our data, as is inhibition
by FAUMP. The number of FdAUMP binding sites by Clark ez
al. [17] are similar to our findings. Danenberg and Bapat [30]
described a variation in affinity of FAUMP for TS with Kp
values varying between 0.7 and 109 x 107!°, which could be
mostly attributed to differences in the association of FAUMP
with enzyme and not the dissociation. These data are in agree-
ment with the observed differences in FAUMP binding sites.

We found a large difference in TS catalytic activity not only
at a saturating dUMP concentration but also a variation in
dUMP kinetics. The ratio between 10 and 1 pmol/l dUMP
showed a larger variation than that observed between cell lines,
especially in the presence of FAUMP [19]. Preclinical studies
[19, 33] showed that inhibition by 10 nmol/l FAUMP at | and
10 wmol/l dUMP gives a good indication of the potential
inhibition, without the necessity of detailed enzyme kinetic
studies, which are not usually possible because of the limited
quantities of clinical samples. Variations in kinetic properties of
human TS from tumours for dUMP affinity have not been
reported, in contrast to the situation for FAUMP binding
[30]. The differences between tumours and mucosa concerning
kinetic properties are greater when FAUMP inhibition at 1 and
10 wmol/t dUMP is compared and when the ratio between
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catalytic activity and FAUMP binding is taken into consider-
ation. These data indicate that “mutant” TS enzymes may be
present. The variation in potential inhibition by 10 nmol/
FAUMP, especially at 10 pmol/l dUMP in tumours, may have
relevance for the outcome of treatment with 5-FU.

Measurement of TS at 10 and 1 umol/l JUMP showed that
intrinsic cytosolic dUMP levels were low, as has been observed
in murine tumour and bone marrow [7]. Intrinsic dUMP does
not interfere with the assay and 1 pmol/l dUMP is clearly
suboptimal. Inhibition of TS by FAUMP at 10 pmol/l dUMP
was still high, most likely because saturating levels of CH,-THF
were present in the assay. Under these conditions high dUMP
would not affect binding of FAUMP to TS and inhibition of TS
[34]. Physiological levels of CH,-THF are low (0.1-2 wmol/l) as
has been observed in xenografts from human colorectal cancer
[13, 35], which explains the very low to undetectable FAUMP
binding capacity in samples without added CH,-THF. Thus,
high CH,-THF levels may abrogate JUMP effects.

These differences in TS activity and large variations in
FAdUMP binding and inhibition are in agreement with the
differences observed in vitro between colorectal cell lines
obtained from patients with different grades of resistance [18].
The kinetic differences may be the result of genetic and/or
phenotypic variations, as expressed by differences in electropho-
retic behaviour of the purified enzyme. The chromosomal
aberrations [28, 32] indicate genetic variations. Several reports
demonstrate that a high percentage (over 75%) of human
tumours have a monosomic type loss of chromosome 18 [28,
32], which carries the gene for TS. Luccioni ef al. {28] demon-
strated that TS is low in this monosomic type of aberration and
high in the trisomic type. Itis not yet clear whether chromosomal
abnormalities are also associated with deviations in kinetic
properties of TS in patients. The large variation in TS activity
may also be attributed to differences in expression of the TS
gene. Evidence for gene amplification has been observed in 1
patient treated with 5-FU [17]; however no pretreatment sample
of this patient could be analysed. So the difference in gene
expression may even be related to a natural variation in TS.

The impact of the variation in TS activity and FAUMP
inhibition in colorectal cancer on treatment efficacy is unknown.
However, it is not unlikely that the difference in response to 5-
FU between patients is related to variations in enzyme amount
and properties. So, in several patients a higher concentration of
FAUMP will be needed to achieve a required level of inhibition.
Danenberg and Bapat [30] even postulated that these FAUMP
levels should even be 100-fold higher. In tumour samples of
patients, such a high variation in FAUMP has been observed
[8-10], but the relation between FAUMP level and subsequent
response to 5-FU treatment is not clear. Evidence is accumulat-
ing that there is a better relation between low pretreatment
levels of TS, a high level of TS inhibition as a result of treatment
and response to 5-FU treatment. Unfortunately, none of our
patients described received subsequent 5-FU treatment.

Another interesting feature was the low inhibition of TS by
FdUMP in normal mucosa, which is in agreement with the very
low sensitivity of colon mucusa cells to 5-FU [36]; leucovorin
enhanced this toxicity which is consistent with data on severe
gastrointestinal toxicity of 5-FU plus leucovorin [7, 8)]. Gastro-
intestinal toxicity in 5-FU treatment is schedule dependent,
being lower with weekly bolus injections than with continuous
S day infusions [37]. Since the physiological concentration of
folates is low, TS inhibition would not be stabilised by endogen-
ous folates and the enzyme would only be inhibited when
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FAUMP is present at high concentrations for such a prolonged
period.
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