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Abstract The TS-ichibitory effects induced by a 24-h
exposure to the folate-based TS inhibitors CB3717, C2-
desamino analogs of CB3717 including D1694, and
BW1843U89 were quantitated using the MGH-U1 human
bladder carcinoma. The effects of D1694 on the time course
of TS inhibition and on intracellular deoxyuridine mono-
phosphate (dUMP) accumulation and deoxyuridine (dUrd)
production were evaluated. D1694 and BW1843U89 were
the most active TS inhibitors with ICsp values of 2.4 and
0.5 nM, respectively. The C2-desamino C2-methyl didea-
zafolates were 27-292 times more potent than the parent
CB3717 as TS inhibitors. A methyl group at the C2 position
of CB3717 had the most dramatic effect, whereas a thiazole
substitution for a benzyl added a small benefit and N10
substitution had a limited impact on TS-inhibitory potency
and clonogenic survival. There was a significant correlation
between the ICso values for TS inhibition and those for
cytotoxic potency obtained for these drugs. LV and thymi-
dine protected cells from these folate-based TS inhibitors.
Intracellular dUMP levels following 24 h D1694 (ICs0)
exposure increased 7-fold. Levels of dUrd effluxing into the
media increased up to 4.5 pM following a 24-h exposure to
D1694 (ICg0). We conclude that (a) C2-desamino C2-
methyl dideazafolates are potent TS inhibitors, (b) TS
inhibition requires prolonged exposure with these folate
TS inhibitors, (¢) survival is correlated with inhibition of
TS for the folate-based TS inhibitors and (d) the biochem-
ical consequences of TS inhibition include increased dUMP
and dUrd levels.

Key words Thymidylate synthase - Inhibitors - Antifolate

This study was supported by a grant from the National Cancer Institute
of Canada

B. Mitrovski - J. Pressacco + S. Mandelbaum + C. Erlichman
Division of Experimental Therapeutics, The Ontario Cancer Institute,
500 Sherbourne Street, Toronto, Ontario M4X 1K9, Canada

J. Pressacco » C. Erlichman (&)
Department of Medicine, Pharmacology and Medical Biophysics,
University of Toronto, Toronto, Ontario MSS 1AS8, Canada

Abbreviations TS thymidylate synthase -

D1694 N-{5-[N-(3,4-dihydro-2-methyl-4-oxoquinazolin-6-
ylmethyl)-N-methylamino]-2-thenoyl }-L-glutamic acid -
BW1843U89 (S)-2-(5-[{[1,2-dihydro-3-methyl-1-oxo-
benzo(F)quinazolin-9-yl]-methyl }amino}1-0xo-2-isoindoli-
nyl) glutamic acid - CB3717 N0-propargyl-5,8-dideazafolic
acid - dCB3717 2-desamino-N10-propargyl-5,8-dideazafolic
acid + LV leucovorin * FPGS folylpolyglutamate synthetase
+ ICs0, IC90 concentrations necessary to inhibit function by
50% and 90%, respectively

Introduction

The biosynthesis of thymidine monophosphate requires
5,10-methylenetetrahydrofolate, which serves as a cofactor
in the TS-catalyzed transfer of a one-carbon unit to
deoxyuridine monophosphate. Thus, TS is an attractive
target for inhibition of DNA synthesis. Due to the limited
clinical success of fluoropyrimidine substrate analogs in the
treatment of colorectal and other cancers [1], analogs of the
folate cofactor were developed with TS as the primary
target. Although CB3717, one of the first quinazoline
folate-based TS inhibitors was active clinically [2-6], it
was withdrawn because of a low therapeutic index resulting
from limited solubility and nephrotoxicity. As an improve-
ment on CB3717, novel water-soluble analogs modified at
the C2, N10 and benzyl regions were synthesized (Fig. 1).
Changes at the C2 position of CB3717 have resulted in
greater biological activity with a decrease in apparent
toxicity [7]. This has been attributed to the utilisation of
the reduced folate carrier, which does not seem to be
utilised by CB3717 [8].

D1694 was identified as one of the most potent TS
inhibitors with significant preclinical antitumour activity
amongst the series of CB3717 analogs. Rapid intraceltular
uptake of D1694 and its retention in the form of more active
polyglutamated metabolites contribute to its antitumour
potency [9]. The mode of action appears to be specific
and is based on competition with 5,10-methylenetetrahy-
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drofolate for TS. BW1843U89, a more recently synthesized
folate-based TS inhibitor, differs from the dideazafolates in
its 3-methyl benzoquinazoline chemical backbone [10].
Both D1694 and BW1843U89 are soluble, act primarily
as TS inhibitors, are very potent in vivo and in vitro with
ICsp values in the nanomolar range and seem to be
transported by the reduced-folate carrier. BW1843U89
and D1694 are good substrates for FPGS and polyglutama-
tion of these drugs seems to be essential to their cytotox-
icity. BW1843U89 is a non-competitive inhibitor of TS,
whereas D1694 is a mixed non-competitive inhibitor [10].
LV protects cells from BW1843U89 and D1694 toxicity,
but higher LV concentrations are required to protect cells
from BW1843U89. Since D1694 is more dependent on
polyglutamation for its activity than is BW1843U89, LV
competes more effectively. BW1843U89 is probably less
dependent on polyglutamation and, therefore, not so de-
pendent on LV. This may explain the need for higher LV
concentrations to protect cells from BW1843U89. Thymi-
dine is capable of rescuing cells from the cytotoxic action
of either drug [8, 10], supporting TS as the primary site of
action.

We undertook these studies in MGH-U1 cells (a) to
determine the relationship between TS inhibition and
modification to the structure of CB3717, (b) to relate
clonogenic survival to TS inhibition and (c) to define the
biochemical effects of D1694, including TS inhibition,
intracellular deoxyuridine monophosphate (d{UMP) forma-
tion and production of dUrd.

Materials and methods

Chemicals

CB3717 and dCB3717, provided by Dr. V. Narayanan (Drug Synthesis
and Chemistry Branch, NCI, Bethesda, Md.), were dissolved in 0.15 M
NaHCOs3. The C2-desamino C2-methyl analogs of CB3717 were a gift
from ICI Pharmaceuticals (Alderly Park, Macclesfield, Cheshire, UK).
They were dissolved in 0.4 M NaHCOs;. BW1843U89, a gift from
Burroughs Wellcome (Research Triangle Park, N.C., USA), was made
in a 2:1 molar ratio of NaOH:BW1843U89 and adjusted to pH 7. Drugs
were protected from light and dilutions were made in phosphate-
buffered saline (PBS). 5-[3H]-dUMP (18 Ci/mmol) and ACS scintil-
lant were obtained from Amersham (Arlington Heights, I11.). 5-[3H]-2’-
Deoxyuridine (20 Ci/mmol) was purchased from Moravek Biochem-
icals (Brea, Calif.). Lactobacillus casei TS (53.4 wmol h-1 mi-1) from
Biopure (Boston, Mass.) was diluted in the following buffer: 310 mg
dithiothreitol, 310 mg magnesium chloride, 1.2 g TRIS and 0.2 g
bovine serum albumin in a total volume of 100 ml at pH 7.4. Media,
PRBS, antibiotics and trypsin were purchased from Gibco (Grand Island,
N.Y.). All other chemicals were obtained from Sigma (St. Louis, Mo.).

Cell line and clonogenic survival

The growth conditions for the MGH-U1 cells and the drug-induced
inhibition of colony formation were determined as reported previously
[11]. Drug-exposure periods varied from 6 to 24 h. The ICs0 and ICo0
values for clonogenic survival resulting from a 24-h exposure to D1694
were 6.4 and 10 nM, respectively.

TS assays

Exponentially growing MGH-U1 cells in nucleoside-free o-minimum
essential medium (0-MEM) supplemented with 10% dialysed fetal calf
serum were incubated with various concentrations of TS inhibitors
(Fig. 1) for a maximal period of 24 h. Following drug incubation, TS
activity was determined by a whole-cell assay. TS activity in intact
MGH-U1 cells was determined by a modification of the method
published by Yalowich and Kalman [13] and has been reported
previously [12, 14]. The data are presented as the rate of tritium
release expressed as a percentage of the untreated control value.
Correlation between cytotoxicity and TS inhibition for the series of
TS inhibitors was determined by the Spearman rank correlation of ICso
values for cytotoxicity and those for inhibition of TS after 24-h
exposures.

Quantitation of intracellular dUMP

A modification of the trittum-release assay of Roberts was used to
measure free dUMP levels within cells [15, 16]. To cell pellets, 8%
trichloroacetic acid was added to obtain a concentration of 5 x 107
cells/ml. This was incubated on ice for 15 min, sonicated and
centrifuged for 15 min at 14,000 g and 4° C. The acidic supernatant
was neutralized with 1:2 parts (v/v) of tri-n-octylamine and Freon
(1:4, v/v). The mixture was shaken for 2 min and centrifuged at
14,000 g for 5 min, and the top layer was used to measure free
cytosolic dUMP. To 100 pl cell extract was added 25 ul (5 pmol)
L. casei TS, 1.4 pmol 5-[3H]-dUMP (50 ul) and 25 pl of the 2-mM
cofactor solution. The reaction was allowed to proceed for 30 min at
37° C. The amount of dUMP in cell extracts was determined from a
standard curve constructed using known amounts of cold dUMP in
competition with 5-[3H]-dUMP.

Quantitation of extracellular deoxyuridine

After a 24-h exposure to drug doses resulting in 10% cell survival
(ICo0), culture media were analyzed for effluxing deoxyuridine (dUrd)
by reverse-phase high-performance liguid chromatography (HPLC)
[17]. Medium (200 ul) was injected onto a reverse-phase column
(Bio-Rad Cis, 250 X 4 mm, 5 wm), on a Waters Model 440 HPLC
system using isocratic elution with 1% acetonitrile in 0.1 M ammonium
acetate (pH 4). A flow rate of 1.2 ml/min was used. Peaks of dUrd were
detected at 254 nm and peak areas were integraied by computer
(Shimadzu 510C, Japan). A standard curve ranging from 0 to 10 uM
dUrd was constructed having a sensitivity of 1 M. The retention times
for uridine, dUrd and thymidine were 3.4, 4.5 and 8.7 min, respec-
tively.

Results
Inhibition of TS and clonogenic survival

Inhibition of TS increased in a dose-dependent manner for
all compounds. The potency of the inhibition as defined by
the ICso for each compound is summarized in Table 1. The
most potent TS inhibitors were D1694, a quinazoline-based
TS inhibitor, and BW1843U89, a benzoquinazoline-based
TS inhibitor, with ICso values of 2.4 and 0.5 nM, respec-
tively. Doses of drug that caused cell killing were found to
be very similar to those that diminished TS activity after a
24-hour exposure for all the folate-based TS inhibitors [18].
There was a significant relationship between the rank of
cytotoxic potency and the rank of TS inhibition between
drugs (Spearman coefficient, 0.95; P <0.05).



Table 1 Inhibition of TS and cell survival following a 24-h drug
exposure

Compound Cytotoxicity TS Inhibitiona

1Cso (nM) 1Cso (nM)
CB3717 1600b 700
dCB3717 3700 (0.43x)d 750 (0.93x)
1e 60 (27x) 20 (35x)
2 200 (8%) 26 (27%)
3 10 (160x) 4 (175%)
4 9 (178%) 4 (175%)
5 20 (80%) 5 (140%)
D1694 64  (250%) 24 (292%)
BW1843U89 2.5 (640x) 0.5 (1400x)

2 Whole-cell TS assay (see Materials and methods). All assays were
performed twice and each point was assayed in duplicate

b From Erlichman and Mitrovski [18]

¢ For chemical structures, refer to Fig. 1

4 Fold improvement over CB3717

Fig. 1 a-¢ Chemical structures
of a the folate cofactor 5,10-
methylenetetrahydrofolate,

b BW1843U89 and ¢ CB3717
and analogs

COH
a CONH—-/’L
H COH
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Structure-activity relationship

With the exception of dCB3717, the dideazafolate analogs
were 27-292 times more active than the parent CB3717 as
TS inhibitors. Of the modifications to the CB3717 com-
pound studied, replacing the C2 amino with a methyl
moiety increased the TS-inhibitory effect the most (35-
fold). Substitution of a hydrogen in place of the amino
group at the C2 position appeared to decrease the cytotoxic
potency. Placement of a pyridine group at the benzyl
position did not enhance TS inhibition. Substitution of a
thiazole in place of a benzyl gave a further enhancement
(5-fold), and modifications at the N10 position had no
effect. Analogs 3, 4 and 5 and D1694 were between 4
and 8§ times more potent than compound 1.

HNs‘I 5 s
HN Z\N ﬁ 7 HC
1 H
C
Compound R, R, R,
CcB3717 NH 2 CH,C=CH OH
dCB3717 H CHC=CH £
1 CH3 CHaC=CH O
2 CH3 CH2C=CH £y
3 CHa CH2G=CH L
4 CHsa CzHs al:i
5 CH3 CH3 ,l:x
D1694 CHa CHa FAN
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Fig. 2 Kinetics of TS inhibition following exposure to 10 nM (ICoo)
D1694. TS activity was assayed by the whole-cell TS assay as
described in Materials and methods. Experiments were done in
triplicate

Fig. 3 Intracellular JUMP levels following exposure to 6.4 nM (ICs0)
D1694 for 24 h. Each point represents the mean value for three separate
experiments
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Fig. 4 Time course of dUrd accumulation in media following
exposure to 10 nM (ICg) D1694. Experiments were done in duplicate

Time course of TS inhibition

MGH-U1 cells were exposed to 10 nM D1694 (ICys) and
the TS activity in whole cells was measured over a 24-h
period (Fig. 2). TS activity was affected at § h following
drug exposure and remained inhibited for up to 24 h.

Intracellular AUMP and extracellular dUrd in media

Intracellular dUMP levels were measured for up to 24 h
after exposure of cells to 6.4 nM of D1694 (Fig. 3). A
steady increase in dUMP levels was observed initially at 6 h.
At 24 h, levels were 7 times greater than the untreated
control values. The dUMP kinetics observed at an ICoo dose
of D1694 were comparable with those of an ICsp dose.
Similar results were seen with CB3717 (data not shown).
The dUrd concentration in media of cells that had been
exposed for 24 h to an ICe concentration of D1694
increased linearly during the 24-h exposure period
(Fig. 4). The concentrations ranged from 1 to 4.5 uM.
dUrd was first detected at 9 h. Similarly, concentrations of
dUrd present in the media after a 24-h exposure to ICg
concentrations of the other dideazafolates ranged from 2 to
6.5 uM. Control cells were negative for dUrd.

Discussion

The development of novel folate-based TS inhibitors offers
the opportunity for a better understanding of the biochem-
ical consequences of such inhibition and the development
of more effective treatment of cancer. Whereas 5-fluoro-
uracil combined with folinic acid can mediate its cytotox-
icity via a TS-based mechanism, the effects on RNA and
incorporation of 5-fluorouracil into DNA makes interpreta-



tion of this effect less clear. The availability of several TS
inhibitors with differences in drug uptake and intracellular
metabolism allows further dissection of the various factors
influencing TS inhibition.

A comparison of the potencies for cytotoxicity and
inhibition of TS by CB3717, dCB3717 and compounds
1-5 gives some insight into the chemical determinants that
are important in mediating drug activity. The addition of a
C2 methyl group (compounds 1-5, D1694) increases cell
killing and inhibition of TS significantly. These results are
consistent with the structure-activity findings previously
reported for L1210 cells [19-22]. This increased potency
may in part be related to the use of the reduced-folate
carrier by such compounds, whereas the parent compound
CB3717 is not transported by this carrier [8]. Different
potencies amongst the analogs can also be attributed to
increased substrate specificity for FPGS. The formation of
polyglutamated forms of the TS inhibitors is associated
with a greater affinity for TS [19]. CB3717, dCB3717,
compound 1 and D1694 are good substrates for FPGS and
their polyglutamated derivatives are up to 200 times more
potent as TS inhibitors [9, 23, 24]. Similarly, Duch et al.
[10] have reported that BW1843U89 is also a substrate for
FPGS and is polyglutamated to the diglutamate, which is
not more inhibitory to TS. Modification at the benzene ring
of CB3717 (R3 in Fig. 1) appears to increase cytotoxicity
and TS inhibition further (compounds 3, 5) when a five-
membered ring is substituted. Modification at the N10
position (compounds 3, 5) has less effect on TS inhibition
and cell killing than does the benzyl replacement. In the
case of BW1843U89, the combination of a 3-methyl
benzoquinazoline moiety with an isoindolinyl replacement
of the benzyl ring in 5,10-methylenetetrahydrofolate leads
to more potent TS inhibition and cytotoxicity than do all of
the CB3717 analogs. Whereas part of this may be attributed
to increased drug transport, it is likely that the three-
dimensional structure of BW1843U89 is also associated
with its greater binding affinity to TS.

There was an association between TS inhibition and
cytotoxicity for each of the drugs examined, supporting the
contention that TS is the primary target for the drugs
studied. The strong association found between cytotoxic
potency and TS inhibition (Table 1) further supports this
mechanism of drug action. Previous studies of TS inhibition
and cytotoxicity in L1210 cells [19, 22] did not reveal an
association between these two parameters. These investi-
gators used growth inhibition as an indicator of cytotoxicity
and measured TS inhibition by parent compounds in TS
extracted from cells. The impact of polyglutamation in this
approach could not be assessed, nor could the effects of
intracellular pools of dUMP and 5,10-methylenetetrahydro-
folate. Thus, the association that we saw between clono-
genic survival and TS inhibition suggests that the use of the
whole-cell TS assay can predict clonogenic cell killing by
folate-based TS inhibitors in MGH-U1 cells at least.

The time-course studies of TS inhibition by D1694
showed a concomitant increase in intracellular dUMP
levels and extracellular dUrd concentrations. Furthermore,
marked increases in the two metabolites and TS inhibition
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occurred with drug-exposure periods longer than 12 h. This
is consistent with polyglutamation increasing TS inhibition
of D1694. The production of dUrd as a result of TS
inhibition has previously been reported with fluoropyrimi-
dines. dUrd levels have been measured as a surrogate for
TS inhibition in vivo following treatment with CB3717
[25]. Despite the increase in extracellular dUrd levels
observed in these cells, there was a 7-fold increase in
dUMP levels (Fig. 4) over 24 h. Production of dUMP
after TS inhibition has been reported for FdUrd, metho-
trexate and CB3717 [15, 25-27]. As reported by Curtin
et al. [28], this accumulation of dUMP may lead to
formation of dUTP, and subsequent DNA strand breaks.

We conclude that inhibition of TS is the primary
mechanism responsible for cell death induced in MGH-
Ul cells by the folate-based TS inhibitors we studied.
Structure-activity analysis supports the importance of a
C2 methyl and a five-ring thiazole requirement for potency
of TS inhibition. The benzoquinazoline BW1843U89 is the
most potent inhibitor of TS. The biochemical consequences
of TS inhibition by D1694 were increased intracellular
dUMP levels and increased extracellular dUrd concentra-
tions.
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