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Fe� oxidation (18), the enzyme-like nature
of the bleomycin A2-Fe� reaction has not

previously been reported. The catalytic
mechanism suggested by our data coupled

with the ability of bleomycin A2 to bind

DNA may explain the anti-tumor proper-

ties of this compound.
Preliminary experiments show that,

when calf thymus DNA is added to a sys-

tem containing ferrous sulfate and bleo-
mycin A2 under conditions where DNA is
known to bind to bleomycin A2, the DNA
does not inhibit the catalytic effect of the
bleomycin A2.

The significance of our finding that bleo-

mycin A2 acts catalytically to oxidize fer-
rous ions to form reduced and potentially
reactive oxygen species may not so much

nm lie in the increased kinetics that any cata-
lyst implies. Rather, bleomycin A2 may be

able to bind DNA and chronically and con-
tinuously cause metal ion oxidation and
oxygen reduction at this important target

molecule in the cell, leading to DNA deg-
radation and damage and ultimately cell
death.

FIG. 3. Visible-u.v. spectra of iron and bleomycin
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In one of these experiments 400 �M Fe� was

placed in one cuvette and 400 .tM bleomycin A2 in

another. These were placed in tandem in a Cary 14

recording spectrophotometer and the additive spec-

trum (- - -) was recorded. When the two reactants

were mixed in the same cuvette under N2, the solution

turned pale yellow and the spectrum indicated
(_._ ._) was obtained. This spectrum is identical to the

spectrum recorded when 400 �M Fe� and 400 �tM

bleomycin A2 were mixed in an aerated solution

(-). 0.1 M sodium succinate, pH = 6.2, was used in

these experiments.

Fe� + bleomycin A -* Fe� - bleomycin A2

� j02

Fe�-bleomycin A2 �-. Fe-Bleomycin A2-”oxygen”

+ oxygen product complex

In this reaction, ferrous ion and bleomycin
A2 form a complex which in the presence of

oxygen causes oxygen reduction and the
oxidation of Fe�� to Fe�.

Even though our attempts to detect the

superoxide radical were unsuccessful, its
presence is strongly suggested. Its presence
is also supported directly by the work of
Lown and Sim (8) who found that SOD
inhibited DNA strand breaks caused by
bleomycin and Fe�t These authors attrib-
uted the cause of the DNA lesion to the
hydroxyl radical.

While it is known that various agents

such as EDTA lead to accelerated rates of
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SUMMARY

SCANLON, K. J., B. A. MOR0S0N, J. R. BERTINO, AND J. B. HYNES.: Quinazoline
analogues of folic acid as inhibitors of thymidylate synthetase from bacterial and
mammalian sources. Mol. Pharinacol. 16, 261-269 (1979).

Three groups of quinazoline analogues of folic acid were studied as inhibitors of thymi-
dylate synthetase (TMP synthetase) from L. casei and the mouse leukemia cell line,
L1210. Several of these compounds were also tested as inhibitors of cell growth using
selected mammalian tumor lines. The three groups of compounds studied were classical
2-amino-4-hydroxyquinazolines, classical 2,4-diaminoquinazolines, and 5,8-dideazapteroic
acid derivatives. Of the 2-amino-4-hydroxyquinazolines, N’#{176}-methyl-5,8-dideazafolic acid

(compound 4) was found to be the most potent inhibitor, in terms of ID�o values for both
mammalian and bacterial TMP synthetase. In general, both the 2-amino-4-hydroxyquin-

azolines and the 2,4-diaminoquinazolines had lower ID�o values for the mammalian TMP
synthetase than for the bacterial enzyme. The 2,4-diaminoquinazoline derivatives were
better inhibitors of cell growth than the 4-hydroxy-counterparts. This effect presumably
relates to the fact that they are potent inhibitors of dihydrofolate reductase. Inhibition of
TMP synthetase by 4 and 5 (N’#{176}-formyl-5,8-dideazafolic acid) was competitive with
respect to 5,10-CH2-H4PteGlu, the substrate; methotrexate and the compound 21, (5,8-

deazaisoaminopterin) were non-competitive inhibitors with respect to 5,10-CH2-H4PteGlu.

INTRODUCTION

TMP synthetase (E.C. 2.1.1.45) catalyzes
the conversion of 2’-deoxyuridylate
(dUMP) to thymidylate (dTMP), with the

concomitant transfer and reduction of a one

carbon unit from 5,10-CH2-H4PteGlu.2 This

This research was supported by U.S. Public Health

Service Grants #CAO8O1O and CA14615. J. R. Bertino

is an American Cancer Society Professor.

I To whom correspondence should be addressed.
2 The abbreviations used are: H4PteGlu, (±)-L-

enzyme has been a target for antineoplastic
agents because of its key role in DNA syn-

thesis (1, 2).
The synthesis of an effective analogue of

the substrate, 5,10-CH2-IL,PteGlu may pro-
vide a useful antineoplastic or antibacterial
agent. Previous studies have shown that

certain quinazoline analogues of folic acid
are effective inhibitors of TMP synthetase

5,6,7,8-tetrahydrofolate: 5,10-CH2-FL�PteGlu, (±)-L-

5,10-methylenetetrahydrofolate; MTX, methotrexate.
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FIG. 1. Structural relationship of quinazoline analogue of folic acid to the natural substrate N-5,10-

methylenetetrahydrofolate

(Fig. 1), and are substantially more potent
than the corresponding pteridine analogues
(3-5). However, the structure-activity pat-
terns necessary for the design of more po-
tent inhibitors which can be derived from

these data are equivocal since only a limited
number of compounds were evaluated (3-
5). In this report we describe the inhibition

of TMP synthetase from both bacterial and
mammalian cells employing a wide variety
of quinazoline analogues of folic acid. The
bacterial source for the enzyme was Lac-

tobacillus casei and the mammalian source
was the mouse leukemia cell line, L1210.

EXPERIMENTAL

Materials. (±)-L-5,6,7,8-tetrahydrofolate
was prepared according to Zakrzewski et al.

(6). dUMP was obtained from Sigma

Chemical Co. [5-3H]dUMP (12.7 Ci/mmol)
was purchased from Amersham.

Sources of TMP synthetase. TMP syn-
thetase from L1210 mouse leukemia cells
was highly purified by affinity chromatog-
raphy (specific activity 0.75 ��tm/hr/mg pro-

tein) as previously described (7). Purified
TMP synthetase from L. casei (specific ac-
tivity 39.5 �tm/hr/mg protein) was obtained

from New England Enzyme Center, Boston,
Mass.

TMP synthetase assay. TMP synthetase
was assayed using the procedure of Roberts
(8). The standard reaction mixture con-
tamed, in a final volume of4O j.tl: 1.8 nmoles
[5-3H]-dUMP (ca. 3 x i07 cpm4tmole), 5.2
nmoles (±)-L-5,6,7,8-tetrahydrofolate, 0.1

�imole of formaldehyde, 0.4 �tmole 2-mer-
captoethanol, 2 j.tmoles NaF, 2 imoles phos-
phate buffer pH 7.5 and the enzyme. The

assay mix for L. casei contained 22 mr�i
MgCl2 for optimal enzyme activity. The
quinazolines were dissolved in DMSO to a
final concentration of 1% or less DMSO,
and 4 A of this solution were used in each
assay. The enzyme was pre-incubated at
37#{176}in the presence of the inhibitor for 15
minutes and the reaction was initiated by

the addition of the mix. The samples were
incubated for 60 mm at 37#{176}unless other-
wise indicated. The reaction was linear for

at least 90 mm. One unit of enzyme is
defined as the amount of enzyme required
to form 1 nmole of TMP/min at 37#{176}under
our assay conditions. The reaction was ter-
minated by the addition of 200 jil of a
charcoal suspension (Norit, 100/mg/mi) in
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2% trichloroacetic acid. The mixture was

� centrifuged at 1000 x g for 5 min. A 100 �tl
aliquot of the supernatant was added to 3.5

mi aqueous counting scintifiant (Amer-
� sham/Searle) and measured in a Beckman
� LS230 liquid scintillation counter. All as-
says were performed in duplicate. I�o values
were determined by plotting the enzyme
activity versus inhibitor concentration, and
extrapolating to 50% inhibition. A mini-
mum of 8 concentrations in duplicate of
inhibitor were used for each determination.

Cell culture conditions. The cytocidal
effect of several quinazolines was tested
using the L5178Y, L1210, 5-180 and W-256

rodent tumors propagated in vitro. These
lines were grown in Fischer’s medium con-

taming 10% horse serum (9). As an example
of a human cell line an acute myelocytic
leukemia line (K562) maintained in

RMPI1G4O (320 mg/l glutamine) containing
10% fetal calf serum (10), was also used to
evaluate the quinazoline cytocidal effects.
Cells in logarithmic growth were used for
ED60 determinations. EDsc values were de-
termined for each of the cell lines following
72 hours exposure to the drug being tested
(9).

Inhibitors tested against thymidylate

synthetase. The preparation of each of the
quinazoline derivatives 1-31 has been de-
scribed previously (11-15). The chemistry
involving the synthesis of compounds 32-

35 will be presented in a forthcoming pub-

lication. MTX was determined to be better
than 95% pure by assay with high pressure
liquid chromatography. The quinazolines
were tested for purity on thin layer chro-
matography (11-15) and with high pressure

liquid chromatography. The molar concen-
tration of the drugs was determined on a

Cary spectrophotometer. Compounds 3, 7,

9, 12, 16, 1 7, 20, 21 and 22, have been
assigned NCS numbers 289520, 289523,
289524, 289517, 529860, 289521, 289518,
289576 and 289575, respectively.

RESULTS

Inhibition of TMP synthetase: structure-

activity relationships. The results obtained
from L. casei and L1210 for 35 quinazoline
derivatives as inhibitors ofTMP synthetase

are presented in Tables 1-3. Each of the
compounds in Table 1 contains a 4-OH

group and a terminal glutamyl residue.
Structural differences include substitutions
at positions 5 and 10 as well as modifica-
tions having a reversed configuration at

TABLE 1

Inhibition ofL. casei and L1210 TMP synthetase by 2-amino-4-hydroxyquinazolines

OH ‘I’

H2N�L..�J�J -��-C -R

Groupl Y Z R ID�o

L. casei L1210

�LM �LM

1 H CH2NH Glu(Et), 70.0 0.25

2 H CH,NH Glu 5.0 0.10

3 H CH2N(CH3) Glu(Et)2 75.0 7.50

4 H CH2N(CH3) Glu 0.4 0.05

5 H CH2N(CHO) Glu 3.0 0.24

6 H CH2S Glu(Et)2 8.0 0.10

7 H CHS Glu 2.5 1.00
8 H CH2O Glu >100.0 10.00

9 H CH2CH2 Glu 7.5 5.00
10 CH, CH2NH Glu 12.5 0.10

11 H NHCH, Glu(Et)2 35.0 1.0

12 H NHCH2 Glu 10.0 0.5

13 CH3 NHCH2 Glu(Et), >100.0 7.5

14 CH3 NHCH2 Glu 50.0 7.5
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positions 9 and 10 (analogues of isofolic
acid). In addition, several diethyl esters are
included in order to evaluate the effect of

this modification on inhibitory potency.
The parent compound in this series, 5,8-

dideazafolic acid, compound 2, is an effec-
tive inhibitor of L1210 TMP synthetase.
However, it is 50-fold less inhibitory toward

the L. casei enzyme. This higher affinity

for the mammalian enzyme as compared to
the L. casei enzyme is observed with all of

the compounds containing a glutamyl moi-
ety although to widely varying degrees. The
presence of a methyl group at position 5
(compound 10) causes a slight reduction in
potency against the bacterial enzyme but
inhibition of the L1210 enzyme is Un-

changed. Compound 4, on the other hand,
which is methylated at position 10, is the
most potent inhibitor of both enzymes in

this series. The diethyl esters, 1 and 3, are
considerably less inhibitory than are the
corresponding free glutamates, 2 and 4.

Of interest is the series of compounds in
which the nitrogen atom at position 10 is
replaced by sulfur, oxygen, or a methylene
group (7, 8, and 9). Compound 7 is twofold
more potent than compound 2 against the
bacterial enzyme. For the L1210 enzyme,
the level of inhibition decreases or remains
about the same, 7 being the most effective

of the three compounds. The diethyl ester
of 7 (compound 6) is less inhibitory toward

the L. casei enzyme but is 10-fold more
potent than 7 toward the tumor enzyme.

This is the only example encountered in
this study where a diethyl ester is signifi-
cantly more potent than its corresponding

free acid.
When the isofolic acid derivatives were

examined (compounds 11-14, reversal of
the 9-10 bridge) compound 12 was a poorer
inhibitor than its counterpart 2, which has

the normal folate configuration. Further-
more, the presence of a methyl group at
position 5, resulting in compound 14, aS-
fords an even weaker inhibitor of the en-
zyme from either source.

The results obtained with the 2,4-diamin-
oquinazolines containing a glutamyl residue

are shown in Table 2. 5,8-Deazaminopterin,
16, is 100-fold less inhibitory toward the
mammalian TMP synthetase and 20-fold
less effective against the bacterial enzyme
than its 4-OH counterpart, 2. The lO-formyl

modification 17 is also a poor inhibitor of

both enzymes, while the addition of a 5-
methyl group resulting in compound 19,
enhances activity 10-fold, with respect to
compound 16.

While reversal of the 9-10 bridge is det-
rimental to activity for 4-OH derivatives,
the 4-NH2 derivative 21 is 40-fold more
effective than 16 against the tumor enzyme.
In fact, 21 and its 5-methyl derivative 22

are even better inhibitors of TMP synthe-
tase than their 4-OH counterparts 12 and

14.
The compounds listed in Table 3 are all

devoid of a terminal glutamate, and as such

TABLE 2

Inhibition ofL. casei and L1210 TMP synthetase by 2,4-diaminoquinazolines

. H2N�L1�X�J

Group II Y Z R ID5

L. casei L1210

�LM �LM

15 H CH2NH Glu(Et)2 >100 >100.0

16 H CH2NH Glu >100 10.0

17 H CH2N(CH) Glu 50 50.0
18 CH, CH2NH Glu(Et)2 50 7.5

19 Cli, CH2NH Glu 10 1.0

20 H NHCH2 Glu(Et)2 10 1.0

21 H NHCH2 Glu 5 0.2.5

22 CH3 NHCH2 Glu 2.5 0.25




