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Abstract. AG-331 {N6[4-(N-morpholinosulfonyl)benzyl]-
Né-methyl-2,6-diamino-benz{cdlindole glucuronate} is a
novel lipophilic thymidylate synthase (TS) inhibitor. The
properties of this compound were investigated in H35 rat
hepatoma cells and in three variant cell lines resistant to
antifolates by differing mechanisms. There was no evi-
dence for any intracellular effect of AG-331 on dihy-
drofolate reductase (DHFR); however, the low degree of
cross-resistance found for the H35FF line, which has ele-
vated TS levels, suggested that TS may not be the sole
locus of action of AG-331 in hepatoma cells. TS-directed
effects of AG-331 were suggested by the pattern of its in-
hibition of deoxyuridine incorporation into DNA and the
lesser effects on purine incorporation. In addition, H35
cells treated with 10 uM AG-331 were shown to accumu-
late in the S phase of the cell cycle, and this effect could be
reversed by coadministration of thymidine. However, when
treatments were conducted at a 5-fold higher concentration
of AG-331, no S-phase block was apparent, suggesting the
loss of a TS-directed effect at high inhibitor concentrations.
Thymidine and folinic acid also failed to protect cells
against AG-331 cytotoxicity, suggesting an alternate mode
of action. Similar results were also obtained in protection
experiments with a human hepatoma cell line, HEPG2,
although previous results obtained in colon- and breast-
cancer cell lines have suggested TS specific effects for AG-
331. The possibility that biotransformation of AG-331 to
other toxic species may occur in liver-derived cell lines has
yet to be investigated.

Introduction

The crucial role of thymidylate synthase (TS, EC2.1.1.45)
in the de novo synthesis of thymidylate (dTMP), a nu-
cleotide exclusively incorporated into DNA, makes it an
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appropriate target for anticancer agents. TS catalyzes the
reductive transfer of a methyl group from its cofactor 5,10-
methylenetetrahydrofolate  (5,10-CH2FH4) to  deoxyuri-
dylate (dUMP) to form dihydrofolate and dTMP. Inhibitors
of TS that bind either at the substrate binding site (anti-
pyrimidines) or at the cofactor binding side (antifolates)
have elicited antitumor activities in the clinic [2, 29].
5-Fluorouracil (5-FU) is converted to the potent mech-
anism-based TS inhibitor 5-fluorodeoxyuridylate (5-
FAUMP) and has been used for several decades in the
treatment of gastrointestinal tumors [29]. The mechanism
of action of 5-FU is complicated by the observation that its
metabolites may be incorporated into RNA and/or DNA,
resulting in unfavorable toxicities [29]. The classic fo-
late-based TS inhibitor N!0-propargyl-5,8-dideazafolate
(CB3717) showed activity against breast, ovarian, liver, and
lung cancer {1, 5, 6, 33, 35]. However, it did possess some
unacceptable kidney toxicities that resulted in its with-
drawal from clinical study. The potent 2-desamino-2-
methyl analog DMPDDF was much more water-soluble,
transported by the reduced folate/methotrexate transport
system, readily polyglutamylated, and hence more cyio-
toxic [16, 19]. The water-soluble N10-methyl thiophene ring
analog ICI D1694 has subsequently entered clinical trial
and looks promising [20, 23]. These antifolate TS inhibitors
rely upon an active transport mechanism to enter cells;
thus, their activity can be hindered by a mutation in this
transport process [21]. Another characteristic of classic
antifolates is their ability to be polyglutamylated by the
enzyme folylpolyglutamyl synthetase (FPGS, EC 6.3.2.17).
CB3717, DMPDDF, and ICI D1694 are approximately
100 times more potent as TS inhibitors when poly-
glutamylated [18, 32] and may even be dependent upon
polyglutamylation to elicit their cytotoxic effect. Hence,
mutations in FPGS can be another mechanism of resistance
to classic antifolates [21]. In addition, levels of the enzyme
that cleaves the polyglutamates can be elevated, resulting in
acquired resistance to antifolylglutamates [32]. Further-
more, the TS-inhibiting antifolates can also inhibit dihy-
drofolate reductase (DHFR, EC 1.5.1.3), which complicates
the interpretation of their in vivo activity [17].
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The development of a folate-based lipophilic TS inhib-
itor has been attempted by several investigators in recent
years as a means of overcoming some of the problems
outlined above. Encouraged by the success seen with the
lipophilic DHFR inhibitor trimetrexate (TMTX, reviewed
in [9]), Bisset and co-workers [3] replaced the CO-glutamic
acid moiety of DMPDDF with lipophilic substituents. The
NOz? substituent was found to be the most potent but was
nonetheless 30 times less active than CB3717 as a TS in-
hibitor [3]. McNamara et al. [26] examined similar sub-
stitutents in the 2-amino and 2-desamino series and con-
cluded that the CO-glutamic acid moiety was not absolutely
necessary for potent inhibition of TS and cell growth.

AG-331, No[4-(N-morpholinosulfonyl)benzyl]-N6-meth-
yl-2,6-diamino-benz{cd]indole glucuronate (see Fig. 1), a
rationally designed lipophilic TS inhibitor, was synthesized
on the basis of knowledge of the X-ray crystallographic
threedimensional structure of the active site of Escherichia
coli TS [34]. AG-331 binds at the folate-binding site of TS
despite showing limited structural resemblance to the co-
factor 5,10-CH2FH4. This compound was found to be a
potent inhibitor of purified recombinant human TS with a
K; value (0.012 uM) of the same order of magnitude as that
of DMPDDF [27]. AG-331 has shown significant cyto-
toxicity against a number of murine and human tumor cell
lines [34] as well as against leukemia and colon tumors in
mice [36] and has recently entered phase I clinical study. Its
effect on solid tumors will be investigated in subsequent
phase II trials.

We studied the biological properties of AG-331 in the
H35 rat hepatoma cell line and compared them with those
of established antifolates: the DHFR inhibitors MTX and
TMTX and the TS inhibitor DMPDDFE

Materials and methods

Folate analogs were kindly provided as follows: MTX, by Lederle
Laboratories (Pear! River, N. Y.); TMTX, by Dr. D. Fry, Warner
Lambert Laboratories (Ann Arbor, Mich.); and DMPDDE, by Dr. M. G.
Nair, University of South Alabama. [6-3H]-deoxyuridine and [2-14C]-
glycine were purchased from Moravek Biochemicals (Brea, Calif.) and
DuPont-NEN Research Products (Boston, Mass.), respectively. All
other chemicals were of the highest purity available and were obtained
from commercial sources.

Cell culture. Mycoplasma-free H35 rat hepatoma cells were main-
tained in monolayer culture as previously described [10]. H35RO.3
cells with acquired resistance to MTX (100-fold) were maintained in
0.3 WM MTX and were resistant by virtue of a defect in transport [10].
H35R10 cells with acquired resistance to MTX (1,000-fold) were
maintained in 10 WM MTX and displayed both a defect in transport and
an increase in DHFR activity [11]. H35FF cells were maintained in
0.1 uM S-fluorodeoxyuridine (5-FdUrd) and 25 uM folinic acid and
had a 100-fold increase in TS activity [30]. H35RO.3, H35R10, and
H35EF cells were cultured in the absence of the selective agent for
1 week prior to their use in experiments. Growth inhibition was
measured in 96-well dishes at a plating density of 1x104 cells/well
(area, 0.69 mm?) in the presence or absence of inhibitor for 72 h to
estimate the concentrations required to produce a 50% reduction in the
numbers of treated cells relative to controls (ICsp values). Cells were
counted by direct counting and by a spectrophotometric assay that
utilizes methylene blue staining as described by Finlay et al. [8].

OH OH

Fig. 1. Structure of AG-331, N6-[4-(N-morpholinosulfonyl)benzyl]-N6-
methyl-2,6-diamino-benz[cd]indole glucuronate

Protection studies were conducted with folinic acid (100 pM), hy-
poxanthine (50 pM), and/or thymidine (20 UM) present throughout the
culture period.

De novo thymidylate and purine biosynthesis. Cells were plated at
2x105 cells/60-mm dish and cultured for 72 h, with various drug
concentrations being present for the last 4 h. De novo thymidylate
biosynthesis was estimated by measuring [6-3H]-deoxyuridine incor-
poration into DNA according to the method of Duch et al. {7], which
was modified as previously described [12], with [6-3H]-deoxyuridine
being present for the last 30 min of the 72-h culture period. Mea-
surement of de novo purine biosynthesis was accomplished by the
incorporation of [2-14C]-glycine into DNA according to the method of
Cadman et al. [4], with [2-14C]-glycine being present for the last 2 h of
culture.

Cell cycle analysis. After 72 h of culture, cells were trypsinized, fixed
with methanol, treated with RNAase, and stained with propidium io-
dide and the DNA content was analyzed on EPICS-753 as previously
described [12].

Results

AG-331, a rationally designed lipophilic TS inhibitor
(Fig. 1), was found to inhibit the growth of H35 rat hepa-
toma cells in vitro with an ICsp value of 5 pM (Table 1).
The H35R0O.3 cell line, which is resistant to MTX due to a
transport defect, was not cross-resistant to AG-331
(Table 1). This result was expected since the lipophilic
nature of AG-331 would allow it to enter cells in-
dependently of the reduced-folate transporter. The H35R10
cell line, which is resistant to MTX by virtue of both a
transport defect and an increase in DHFR activity, was only
2.8-fold cross-resistant to AG-331, whereas substantial
cross-resistance (107-fold) was seen with the lipophilic
DHEFR inhibitor TMTX. Thus, DHFR does not appear to be
a target for AG-331. Both of these cell lines were cross-
resistant to DMPDDF since this TS inhibitor utilizes the
same mode of transport as MTX and reduced folates [22,
28]. The H35FF cell line, which is resistant to 5-FdUrd by
virtue of a 100-fold increase in TS activity, was 132-fold
resistant to DMPDDF but only 6-fold cross-resistant to AG-
331. This result suggests that the inhibition of TS by AG-
331 may not be the only mode of action in this cell system.

AG-331 inhibited the incorporation of [6-3H]}-dUrd into
H35 cellular DNA with an ICso value of 2 uM (Table 2) and
was less effective in inhibiting the incorporation of [4C]-
glycine (ICso, 23 uM). In this regard AG-331 was similar to



Table 1. Cytotoxicity of AG-331 in cell lines resistant to MTX or
5-FdUrd
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Table 3. Protection against AG-331 cytotoxicity in the H35 cell line

Inhibitor % of Control
Inhibitor ICso (M= o
Inhibitor  +Tdr +Tdr+HPX  +Folinic acid
H35 H35R0.3 H35R10 H35FF alone

MTX 0.01 1 (100) 100 (10,000)  0.01 (1) MTX 5 20 100 91
TMTX 0.0075 0.009 (1.2) 0.8 (107) 0.002 (0.27) (0.1 uM)
DMPDDF 0.055 2.24 (41) 6.3 (115) 7.28 (132) TMTX 9 57 97 83
AG-331 5 6(1.2) 14 (2.8) 30 (6) (0.075 pM)

— DMPDDF 12 98 100 99
a Mean of =3 separate experiments consisting of =2 estimations (55 uM)
each, with a standard deviation of not greater than 15% being obtained AG-331 20 35 4 15
in any experiment. ICso is the concentration of inhibitor required to (50 pM)
cause a 50% reduction in cell number relative to cultures grown in the AG-331 5 4 4 6
absence of inhibitor. Numbers given in parentheses represent the order (100 pM)

of magnitude of resistance

Table 2. Inhibition of de novo thymidylate and purine biosynthesis in
H35 cells

Thymidine (Tdr, 20 uM), hypoxanthine (HPX, 50 uM), or folinic acid
(100 uM) was added with the inhibitor at the beginning of a 72-h
culture period. The results are expressed as a percentage of the
respective values obtained in controls lacking the inhibitor. The
concentration of inhibitor used was 10 times the ICso value and is
indicated in parentheses; AG-331 was also examined at 20 times the

Inhibitora 1Cs0 (UM)P 1Cso value
Deoxyuridine incorporation  Glycine incorporation Table 4. Cell-cycle analysis of AG-331-treated H35 cells

MTX 0.22 £0.03 0.2410.04 Treatment? Go/G1 N G/M
TMTX 0.02410.008 0.08 £0.02 (%) (%) (%)

+ +3.6
ig[?;?l: g 18 1822 ég +73.88 None 452335 452%41 9.5%15

_ - AG-331 (10 pM) 8.7%3.1 85.8+5.1 56123
Data represent mean values TSD (n = 3) AG-331 (50 uM) 43.61t3.5 50.7%37 57106
2 The ir.lhibitor was present for the l_as_t 4 hof a 72-h culture period Thymidine (20 uM) 449+15 442401 109411
b ICsp is the concentration of inhibitor required to cause a 50% AG-331 (10 pM) 462106 423+11 11.5+16
reduction in the incorporation of [6-*H]-dUrd or [2-14C]-glycine into +Thymidine (20 M) e e U
DNA. [6-3H]-dUrd and [2-1#C]-glycine incorporation for controls AG-331 (50 pi) 412403  495+02 94+11

lacking inhibitors amounted to 2.55x105 and 1.95x105 dpm/mg
protein, respectively

DMPDDF (Table 2), but the difference between its effects
on deoxyuridine and glycine incorporation was 5 times
lower than that for DMPDDEF.

Protection studies were employed to attempt to de-
termine further the role of inhibition of TS by AG-331 in its
cylotoxicity. As expected, thymidine (Tdr) alone com-
pletely protected cells from DMPDDF cytotoxicity,
whereas the addition of hypoxanthine (HPX) was also re-
quired to protect then against the DHFR inhibitors MTX
and TMTX (Table 3). Neither folinic acid nor HPX with
Tdr protected cells against the cytotoxic effects of AG-331.
Thus, AG-331 did not appear to be a potent antifolate in
this system at a concentration that exceeded the ICsq value
by approximately 1 order of magnitude. There was a small
amount of protection with thymidine that was not greater
than that observed with MTX and TMTX, which are pri-
marily DHFR inhibitors.

The cell-cycle-phase specificity of AG-331 was also
examined in H35 cells. A 20-h period of exposure to 10 uM
AG-331 produced a 2-fold increase in the number of
S-phase H35 celis with a concomitant 5- and 2-fold de-
crease in the numbers of Go/Gi- and Go/M-phase cells,
respectively (Table 4). This effect of AG-331 was pre-
vented when excess Tdr was included in the culture. This
finding implicates an interaction of AG-331 with TS and is
consistent with the idea that S-phase cells are more sus-

+Thymidine (20 pM)

Data represent mean values £SD (n = 3)
2 Cells were incubated in the presence of AG-331 for the last 20 h of a
72-h culture period

ceptible to the growth-inhibitory effects of antifolates [14].
At a 5-fold higher AG-331 concentration, however, no
significant change in S-phase or G»/M-phase cells was
observed. It is likely that at high concentrations AG-331
may cause inhibition of another as yet unidentified target. It
is interesting to compare these data with those reported for
TMTX, which at 3 nM caused a marked accumulation of
cells in the S phase but at 30 nM caused an accumulation of
cells in the late G phase [15].

Discussion

It has previously been established that AG-331 is a potent
inhibitor of purified TS that has cytotoxic properties in
vitro [34]. In general, its growth-inhibitory effects (ICso)
occur at concentrations below 1 uM. AG-331 was some-
what less active against the H35 hepatoma cells employed
in the current studies (ICso, 5 uM). We utilized this cell
line, for which the molecular responses to antifolates have
been well characterized [10-12, 30, 31], to investigate
whether inhibition of TS is the site through which AG-331-
induced growth inhibition occurs. Several experimental
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results suggested an interaction of AG-331 with TS in H35
cells. Deoxyuridine incorporation was inhibited by AG-331
and was more sensitive than purine incorporation. More-
over, at an inhibitory concentration, AG-331 caused H35
cells to accumulate in the S phase, and this effect was re-
versed by thymidine. At higher concentrations of AG-331,
however, very little change in cell-cycle distribution oc-
curred, suggesting that growth inhibition can also occur in
the absence of blockage of thymidine biosynthesis. Further
support for a non-TS site of action for AG-331 came from
the observation that neither thymidine nor folinic acid
protected cells against AG-331 growth inhibition. In addi-
tion, a 100-fold TS-amplified cell line was only 6-fold re-
sistant to AG-331. Taken together, these results suggest that
AG-331 may exert an inhibitory effect on TS in H35 cells
but that growth inhibition, at least at high inhibitor con-
centrations, is caused by effects at another site. Since re-
latively high concentrations of AG-331 are required for cell
growth inhibition relative to other antifolates and the
structure of AG-331 is novel, a rationale exists for alternate
site inhibition.

The current results, achieved with H35 hepatoma cells
are interesting in comparison with data obtained in cell
lines of different origin. AG-331 inhibits cell growth and
DNA synthesis in colon and breast cancer cells by a
mechanism that is reversible by thymidine [24, 25]. The
H35 system is a liver-derived cell line that contains a wide
battery of detoxification systems that could cause bio-
transformation of AG-331 to other toxic species. It would
be interesting to determine the metabolic profile following
incubation of these cells with AG-331 and to relate any
metabolites to the mode of action of AG-331. Preliminary
experiments in a human hepatoma cell line (HEPG2) have
also lent support to the idea that the activity of AG-331 in
hepatoma cells may differ from that in other cell types. AG-
331 exhibited an ICso value of 15 pM against HEPG2 cells,
which are highly sensitive to MTX [13]. When HEPG2
cells were exposed to 100 uM AG-331 under the protection
conditions described in Table 3, none of the agents used had
any effect in restoring cell growth.

Acknowledgements. This work was supported by NIH grant CA25933.

References

1. Bassendine MF, Curtin NJ, Loose H, Harris AL, James OFW
(1987) Induction of remission to hepatocellular carcinoma with a
new thymidylate synthase inhibitor CB3717: a phase II study.
J Hepatol 4: 349

2. Berman EM, Werbel LM (1991) The renewed potential for folate
antagonists in contemporary cancer chemotherapy. J Med Chem
34: 479

3. Bisset GMF, Jackman AL, O’Connor BM, Jones TR, Calvert AH,
Hughes LR (1989) Synthesis of lipophilic analogues of 2-desa-
mino-2-CHsN10-propargyl-3,8-dideazafolate targeted at the en-
zyme thymidylate synthase (TS). In: Curtis H-CH, Ghisla S, Blau
N (eds) Chemistry and biology of pteridines. Walter de Gruyter,
Berlin, p 114

4, Cadman E, Benz C, Heimer R, O’Shaughnessy J (1981) Effect of
de novo purine synthesis inhibitors on S-fluorouracil metabolism
and cytotoxicity. Biochem Pharmacol 30: 2469

10.

11.

12.

14.

15.

16.

17.

18.

9.

20.

21.

. Calvert AH, Alison DL, Harland SJ, Robinson BA, Jackman AL,

Jones TR, Newell DR, Siddik ZH, Wiltshaw E, McElwain TJ,
Smith TE, Harrap KR (1986) A phase I evaluation of the quina-
zoline antifolate thymidylate synthase inhibitor, N9-propargyl-
5,8-dideazafolic acid, CB3717. J Clin Oncol 4: 1245

. Cantwell BM, Macaulay V, Harris AL, Kaye SB, Smith IE,

Milsted RAV, Calvert AH (1988) Phase II study of the antifolate,
N10-propargyl-5,8-dideazafolic acid (CB3717), in advanced breast
cancer. Eur J Cancer Clin Oncol 24: 733

. Duch DS, Edelstein MP, Bowers SW, Nichol CA (1982) Bio-

chemical and chemotherapeutic studies on 2,4-diamino-6-(2,5-di-
methoxybenzyl)-5-methylpyrido(2,3-dlpyrimdine  (BW301U), a
novel lipid-soluble inhibitor of DHFR. Cancer Res 42: 3987

. Finlay G, Baguley BC, Wilson WR (1984) A semiautomated

microculture method for investigating growth inhibitory effects of
cytotoxic compounds on exponentially growing carcinoma cells.
Anal Biochem 139: 272

. Fry DW, Jackson RC (1987) Biological and biochemical proper-

ties of new anticancer folate antagonists. Cancer Metastasis Rev
5: 251

Galivan J (1979) Transport and metabolism of methotrexate
in normal and resistant cultured rat hepatoma cells. Cancer Res
39: 735

Galivan I (1981) 5-Methyltetrahydrofolate transport by hepatoma
cells and methotrexate-resistant sublines in culture. Cancer Res
41: 1757

Galivan J, Rhee MS, Johnson TB, Dilwith R, Nair MG, Bunni M,
Priest DG (1989) The role of celtular folates in the enhancement of
activity of the TS inhibitor 10-propargyl-5,8-dideazafolate against
hepatoma cells in vitro by inhibitors of dihydrofolate reductase.
J Biol Chem 264: 10685

. Galivan J, Rhee MS, Priest DG, Bunni M, Freisheim JH, Whiteley

IM (1991) The effect of methotrexate on folate coenzyme pools in
human hepatoma cells in culture. In: Harkness RA, Ellion GB,
Zollner N (eds) Purine and pyrimidine metabolism in man, ad-
vances in experimental medicine and biology, vol 309A. Plenum,
New York, p 75

Hill BT (1978) Cancer chemotherapy, the relevance of certain
concepts of cell cycle kinetics. Biochim Biophys Acta 516: 389
Hook KE, Nelson JM, Roberts BJ, Griswold DP, Leopold WR
(1986) Cell cycle effects of trimetrexate (CI-898). Cancer Che-
mother Pharmacol 16: 116

Hughes LR, Jackman AL, Oldfield J, Smith RC, Burrows KD,
Marsham PR, Bishop JAM, Jones TR, O’Connor BM, Calvert AH
(1990) Quinanzoline antifolate thymidylate synthase inhibitors:
alkyl, substituted alkyl, and aryl substitoents in the C2 position.
J Med Chem 33: 3060

Hynes JB, Patil SA, Tomazic A, Kumar A, Pathak A, Tan X,
Xiangiang L, Ratnam M, Declamp TJ, Freisham JH (1988) Inhi-
bition of murine thymidylate synthase and human dihydrofolate
reductase by 4,8-dideaza analogues of folic acid and aminopterin.
J Med Chem 31: 449

Jackman AL, Marsham PR, Moran RG, Kimbell R, O’Connor
BM, Hughes LR, Calvert AH (1991) Thymidylate synthase in-
hibitors: the in vitro activity of a series of heterocyclic benzoyl
ring modified 2-desamino-2-methyl-N10-substitated 5,8-dideaza-
folates. Adv Enzyme Regul 31: 13

Jackman AL, Newell DR, Gibson W, Jodrell DI, Taylor GA,
Bishop JA, Hughes LR, Calvert AH (1991) The biochemical
pharmacology of the thymidylate synthase inhibitor, 2-desamino-
2-methyl-N10-propargyl-5,8-dideazafolic acid (ICI 198583). Bio-
chem Pharmacol 42: 1885

Jackman AL, Taylor GA, Gibson W, Kimbell R, Brown M, Calvert
AH, Judson IR, Hughes LR (1991) ICI D1694, a quinazoline an-
tifolate thymidylate synthase inhibitor that is a potent inhibitor of
L1210 tumor cell growth in vitro and in vivo: a new agent for
clinical study. Cancer Res 51: 5579

Jackman AL, Kelland LR, Brown M, Gibson W, Kimbell R,
Ahern N, Judson IR (1992) ICI D 1694 resistant cell lines. Proc
Am Assoc Cancer Res 33: 406



22.

23.

24.

25.

26.

27.

28.

Jansen G, Schornagel JH, Webershof GR, Rijksen G, Newell DR,
Jackman AL (1990) Multiple membrane transport systems for the
uptake of folate-based thymidylate synthase inhibitors. Cancer Res
50: 7544

Judson 1, Clark S, Ward J, Planting A, Verweij J, DeBoer M,
Spiers J, Smith R, Sutcliffe F (1992) A phase I trial of the thy-
midylate synthase inhibitor ICI D1694. Ann Oncol 3: 51
Keyomarsi K, Melmar G, Pardee AB (1993) Loss of translational
control of thymidylate synthase (TS) by antifolates results in the
accumulation of the TS protein (abstract). Proc Am Assoc Cancer
Res 34: 1640

Lin MB, Schober C, Amrendo MA, Rustum Y (1993) Effects of
specific thymidylate synthase inhibitors ICI D1694, LY 231514,
and AG-331 on fragmentation of mature and nascent DNA
(abstract). Proc Am Assoc Cancer Res 34: 1632

McNamara DJ, Berman EM, Fry DW, Werbel LM (1990) Potent
inhibition of thymidylate synthase by two series of nonclassical
quinazolines. J Med Chem 33: 2045

O’Connor BM, Jackman AL, Crossley PH, Freemantle SE,
Lunec J, Calvert AH (1992) Human lymphoblastoid cells with
acquired resistance to C2-desamino-CZ-methyl-N10-propargyl-5,8-
dideazafolic acid: a novel folate-based thymidylate synthase in-
hibitor. Cancer Res 52: 1137

Patil SD, Jones C, Nair MG, Galivan J, Maley F, Kisliuk RL,
Gaumont Y, Duch D, Ferone R (1989) Synthesis and biological
evaluation of 2-desamino-2-methyl-N'0-propargyi-5,8-dideaza-
folic acid and related compounds. J Med Chem 32: 1284

29.

30.

31.

32.

33.

34.

35.

36.

229

Pinedo HM, Peters GFJI (1988) Fluorouracil: biochemistry and
pharmacology. J Clin Oncol 6: 1653

Rhee MS, Balinska M, Bunni M, Priest DG, Maley GF, Maley F,
Galivan J (1990) Role of substrate depletion in the inhibition of
thymidylate synthesis by the dihydrofolate reductase inhibitor
trimetrexate in cultured hepatoma cells. Cancer Res 50: 3979
Rhee MS, Coward JK, Galivan J (1992) Depletion of reduced
folates by methotrexate in cultured hepatoma cells. Mol Pharma-
col 42: 909

Rhee MS, Wang Y, Nair MG, Galivan J (1993) Acquisition of
resistance caused by enhanced 7y-glutamyl hydrolase activity.
Cancer Res 53: 2227

Sessa C, Zucchetti M, Ginier M, Willems Y, D’Incalci M, Cavalli
F (1988) Phase I study of the antifolate N0-propargyl-5,8-didea-
zafolic acid, CB3717. Eur J Cancer Clin Oncol 24: 769

Varney MD, Marzoni GP, Palmer CL, Deal JG, Webber S, Welsh
KM, Bacquet RJ, Bartlett CA, Morse CA, Booth CLJ, Herrmann
SM, Howland EF, Ward RW, White J (1992) Crystal structure-
based design and synthesis of benz[cd]indole-containing inhibitors
of thymidylate synthase. J Med Chem 35: 663

Vest S, Bork E, Hansen HH (1988) A phase I evaluation of N10-
propargyl-5,8-dideazafolic acid. Eur J Cancer Clin Oncol 24: 201
Webber S, Shetty BV, Johnston AL, Welsh KM, Varney MD, Deal
JG, Morse CA, Soda K (1992) In vitro properties and antitumor
activity of AG-331, a novel lipophilic thymidylate synthase
inhibitor {(abstract). Proc Am Assoc Cancer Res 33: 2466



