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SUMMARY

The metabolism of 5,10-dideazatetrahydrofolate (DDATHF
[lometrexol]) to polyglutamate derivatives by folylpoly-y-gluta-
mate synthetase (FPGS) plays a central role in the activity of
this compound as an antineoplastic agent. The availability of a
series of DDATHF derivatives differing in structure throughout
the molecule has allowed a study of the structural requirements
for substrate activity with mouse liver and hog liver FPGS.
Kinetics of the polyglutamation reaction in vitro have been
related to the potency of these compounds as inhibitors of the
growth of human CEM leukemic cells. The structure-activity
relationships for enzyme from both sources were nearly iden-
tical. FPGS from both species showed a broad acceptance for
structural changes in the pyridopyrimidine ring, in the phenyl
group, and in the intermediate bridge region, with structural
changes in these regions being reflected in changes in K,,, for

FPGS but much more modest alterations in V,,,.. The data
suggested that the phenyl ring was not contributing to any ==
hydrophobic interactions. It appeared to function primarily in
maintaining a favorable distance between the pyridopyrimidine
ring and the glutamate side chain. The lowest K,,, values were
found for DDATHF analogs in which there were small alter-
ations at the 10 position, e.g., 5-deazatetrahydrofolate, 10-
methyl-DDATHF, and 10-formyl-5-deazatetrahydrofolate; the
first-order rate constants for these substrates were the highest
in this series, an indication of the efficiency of polyglutamation
at low substrate concentrations. After correction for the intrinsic
inhibitory activity of the parent DDATHF analog as an inhibitor
of the target enzyme, the first-order rate constants for FPGS
were found to be predictive of the potency of tumor cell growth
inhibition for most of the compounds in this structural series.

The usefulness of folate antimetabolites inhibitory to
DHFR as cancer therapeutic agents has been recognized for
four decades. The widely studied DHFR inhibitor methotrex-
ate has broad-spectrum activity against human cancers and
has an established role in the therapy of leukemias, head and
neck tumors, and metastatic breast carcinoma. The action of
methotrexate is now known to be dependent on activation to
poly-y-glutamate derivatives in tumor cells, a process re-
quired in vivo for intracellular retention after serum drug
levels fall. This metabolism occurs via the enzyme FPGS (EC
6.3.2.17), which catalyzes the addition of several moles of
glutamate to the y-carboxyl group of the naturally occurring
folate cofactors. The function of FPGS has been shown to be
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essential to the survival of proliferating mammalian cells (1,
2) due to the inability of mammalian cells lacking FPGS to
retain folate cofactors in the cell (1, 3).

The therapeutic activity of methotrexate stimulated the
search for new folate antimetabolites, but the exquisite ac-
tivity of this drug as an inhibitor of DHFR largely frustrated
the search for better DHFR-based therapeutic agents. The
subsequent discovery of therapeutic activity of folate-based
inhibitors of thymidylate synthase (4, 5) established that
folate metabolism overall was a potentially rich source for
antitumor drugs and focused efforts on the several other
enzymes within the folate pathways. Recognition of the sig-
nificance of polyglutamation for the cytotoxicity and thera-
peutic efficacy of methotrexate (6) and the development of the
pioneering folate-based inhibitor of thymidylate synthase,
CB3717 (7), led to an antifolate drug development strategy
for agents that (1) were inhibitors of folate-dependent en-
zymes other than DHFR and (2) were used efficiently as

ABBREVIATIONS: DHFR, dihydrofolate reductase; FPGS, folylpoly-y-glutamate synthetase; GARFT, glycinamide ribonucleotide formyitrans-
ferase; rGARFT, human recombinant monofunctional glycinamide ribonuclectide formyitransferase; B-ME, g-mercaptoethanol; ICs,, the concen-
tration of a drug that decreased the growth of tumor cells to 50% of untreated controls after 72 hr of continuous exposure; DDATHF,

(6R)-5,10-dideazatetrahydrofolate (fometrexol).

2102 ‘2 Jaqwadag uo Asianiun pesewwey ye Bio'sjeuinofiadse wareydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

substrates for mammalian FPGS. As a result of these efforts,
DDATHF (8) and ZD1694 (Tomudex) (9) have been developed
and are in clinical trials (10, 11) as prototypical, efficiently
polyglutamated inhibitors of GARFT and of thymidylate syn-
thase, respectively. Both compounds have been found to be
active against human cancers (10, 11), and these two com-
pounds represent the two most potent folate antimetabolites
ever to be administered to humans. The maximal tolerated
dose of these compounds has been found to be as low as 6 and
3 mg/m?, respectively, even with infrequent dosings. Clearly,
the process of polyglutamation is central to the characteris-
tics of folate analogs that are antimetabolites of tetrahydro-
folate. Thus, activation by FPGS is involved in the potency of
tetrahydrofolate antimetabolites, although it remains to be
seen whether polyglutamation can be manipulated to achieve
or improve antitumor selectivity.

As part of a program for the discovery of novel tetrahydro-
folate antimetabolites, we compared the ability of analogs of
DDATHEF to serve as substrates for mammalian FPGS. In the
present report, we describe the surprising promiscuity of
mouse liver and hog liver FPGS for structural variation in
this series of compounds and the correlation of the potency of
GARFT inhibitors assessed by inhibition of tumor cell growth
in culture with two parameters: the efficiency of activation to
polyglutamates by FPGS and the intrinsic activity of the
monoglutamate as an inhibitor of GARFT in vitro.

Materials and Methods

Materials. Methotrexate, aminopterin, and acid-washed acti-
vated charcoal were obtained from Sigma Chemical Co. (St. Louis,
MO). All other folate analogs were synthesized at Lilly Research
Laboratories (Indianapolis, IN) or in the laboratory of E. C. Taylor
(Department of Chemistry, Princeton University, Princeton, NJ).
Enzyme-grade (NH,),SO, was purchased from Schwarz/Mann Bio-
chemicals (Los Angeles, CA). Human rGARFT was provided by Ag-
ouron Pharmaceuticals (San Diego, CA). L-[3,4-*H]-Glutamate and
L-[*C(U)}-glutamate were purchased from Dupont-NEN (Boston,
MA). The Enzfitter microcomputer package was purchased from
Biosoft (Ferguson, MO), and B6D2F1 female mice were obtained
from Simonsen Laboratories (Gilroy, CA). Human CEM lymphoblas-
tic leukemia cells were obtained from St. Jude’s Children Hospital
(Memphis, TN).

Purification and determination of kinetic constants for
murine liver FPGS. Mouse liver FPGS was prepared from B6D2F1
female mice. A 0-30% ammonium sulfate precipitate was stored at
—25° until use and desalted immediately before use with Sephadex
G-25 chromatography (12). Folate analogs were incubated with mu-
rine liver FPGS for 60 min at 37° in a reaction mix containing 1 mM
[®*H]-glutamic acid (4 mCi/mmol), 5 mM ATP, 10 mm MgCl,, 30 mm
KCl, 20 mM o-thioglycerol, and 200 mM Tris, pH 8.6 (37°), in a total
volume of either 0.25 or 1 ml. The tritium-labeled folyldiglutamate
product was isolated by adsorption onto charcoal as described pre-
viously (12). The reaction being measured was restricted to forma-
tion of diglutamate by allowing no more than 25% substrate con-
sumption at the lowest substrate concentration and by limiting the
amount of enzyme used for the better substrates.

Purification and determination of kinetic constants for
hog liver FPGS. Hog liver FPGS was purified through the chro-
matofocusing step as previously described by Cichowicz and Shane
(13). The pooled activity peak was dialyzed against 100 mM
Tris'HC1, 50 mM B-ME, and 20% glycerol, pH 8.4, and was placed
into aliquots and stored at —70°. An approximate 8000-fold purifi-
cation was achieved with this procedure for an enzyme-specific ac-
tivity of 110 nmolhr X mg protein when assayed with 200 uM

Deazatetrahydrofolates and FPGS 327

methotrexate and 250 uM [*C)-L-glutamate. K,, and V,,,, values
were determined with five or six folate analog concentrations in
duplicate per experiment. The assay conditions were 100 mM Tris, 10
mM MgCl,, 5 mM ATP, 20 mM KCl, 100 ug/ml bovine serum albumin,
100 mM B-ME, and 1 mM [**C]-L-glutamate (4 mCi/mmol), pH 8.9, in
a final volume of 0.25 or 1.0 ml at 37°. The amount of protein added
(1-6 pg) and incubation time (1-3 hr) were varied to minimize the
formation of higher polyglutamates at a low substrate concentration.
The amount of labeled product formed increased as a linear function
of protein concentration over the above range. Product formation
also was a linear function of the incubation time over 1-3 hr. Blanks
consisted of all components of the reaction mix, including enzyme,
but did not contain folate analog. Reactions were terminated by the
addition of ice-cold 10 mM L-glutamate, pH 7.5. Product was sepa-
rated from unincorporated [**C)-L-glutamate by binding and elution
from Waters Sep-pak Plus C18 cartridges (Milford, MA) as previ-
ously described by Jansen et al. (14). K,, and V,,, values were
determined by nonlinear fit of the data to a rectangular hyperbola
with the Enzfitter microcomputer package.

In vitro cytotoxicity and affinity to GARFT. IC,, values
against human leukemia CEM cells and K; values for human
rGARFT and murine trifunctional GARFT were determined as de-
scribed previously (15, 16).

Results

Activity of murine and hog liver FPGS for standard
folate substrates. The GARFT inhibitor lometrexol (6R-
DDATHF, compound 1; Fig. 1) has been shown to be an
excellent substrate for murine liver FPGS (17) and for that
from human leukemic cells (17, 18). Because the antifolates
evaluated in the present study were analogs of DDATHF and
to better facilitate comparison of data from the two enzyme
sources, the maximum velocities (V,, values) and first-
order rate constants (k' values, defined as V_,/K,,) of the
DDATHF analogs studied were normalized to those of lome-
trexol. Four additional compounds were useful standards for
the comparison of this data set with previously published
data and for a comparison of hog liver and mouse liver en-
zymes, namely, the classic DHFR inhibitors methotrexate
and aminopterin and two thymidylate synthase inhibitors of
current interest that are substrates for FPGS: LY231514 (19)
and ZD1694 (Tomudex) (5, 20). Aminopterin has been re-
ported as a standard in the recent literature on FPGS (21,
22), and methotrexate has been found to rely on metabolism
to polyglutamates for therapeutic activity in vivo (3, 6). The
K,, value for conversion of lometrexol to its diglutamate was
16.4 uM for hog liver FPGS (Table 2), comparable to the value
previously found for mouse liver enzyme, 9.3 uM (Tables 1
and 2). Lometrexol was characterized by a first-order rate
constant that was 14- and 32-fold higher than that of meth-
otrexate for the hog and mouse liver enzymes, respectively,
with most of the difference due to K, effects.

Aminopterin, which is known to be an efficient substrate
for mammalian FPGS (23), was approximately 3-fold less
efficient than lometrexol as demonstrated by the &’ values for
these compounds (Table 1). On the other hand, ZD1694 and
LY231514, two of the best known substrates for FPGS (19,
20, 22), had substantially lower K,, values than lometrexol
for both the hog and mouse liver enzymes. Over this broad
spectrum of standard substrates differing in first-order rate
constants by a factor of 120 (hog liver enzyme) to 450 (mouse
liver FPGS), the kinetic behaviors of the two species of FPGS
were remarkably parallel (Tables 1 and 2), and the major
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Fig. 1. Chemical structures of 5,10-dideaza-5,6,7,8-tetrahydrofolate analogs and other standard antifolate compounds. The trivial and full chemical
names of each of the compounds are as follows: (1) 6R-DDATHF (fometrexol), (6R)-N-[{4-[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopyrido{2,3-d]pyrimidin-
6-ylethyflbenzoyl]-L-glutamic acid; (2) (6R,S)-2’-F-phenyl-DDATHF, (+)-N-{4-[2-(2-amino-3,4,5,8,7,8-hexahydro-4-oxopyrido{2,3-djpyrimidin-6-yl)ethyl]-
2'-fluorobenzoyi-jL-glutamic acid; (3) (6R.S)-3'-F-phenyl-DDATHF, (+)-N-[4-[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopyridof2,3-d]pyrimidin-6-yljethyl]-
3'-fluorobenzoyf]-L-glutamic acid; (4) (GR.S)-S ,5'-diF-phenyl-DDATHF, (+)-N-[4-[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopyrido[2,3-d]pyrimidin-6-yl)-
ethyl|-3",5'-difluorobenzoyll-L-gutamic acid; () (6R,S)-2'-C-pheny-DDATHF, (+)}-N-{4-2-2-amino-3 4,5,6,7,8-hexahydro~4-oxopyridof2,3-djpyrimidin-6-
yhethyl}-2'-chiorobenzoyf-.-gitamic acid; (6) (6R,S)-cis-1',4'-Cyclohexy-DDATHF, (+HV-4-2-(2-amino-3,4,5,6,7 8-hexahydro-4-oxopyridof2,3-dlpyrimi-
~glutamic acid; (7) (6R.S)-2',5'-thienyl-DDATHF, (+)-N-[[5'-[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopyrido(2,3-
dipyrimidin-6-yllethyl]-2'-thienyllcarbonyl]-L-giutamic acid; () (6S)-2',5'-thienyl-DDATHF, (6S)-N-[I5'-[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopyrido-
[2,3-d)pyrimidin-6-ylethyl}-2" muvyﬂwbonyll-c.-glutamlc acid; (9) (6R)-2',5'-thienyl-DDATHF, (6R)-N-[[5'-[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopy-
ridof2,3-d}pyrimidin-6-yljethyi}-2’ - thienyljcarbonyi}-L-glutamic acid; (10) (6R,S)-2’,5'-furyl-DDATHF, (+)-N-[[5'-[2-(2-amino-3,4,5,6,7,8-hexahydro-4-ox-
opyridof2,3-djpyrimidin-6-yllethyi]-2'-furyljcarbonyl]-L-glutamic acid; (11) (6R,S)-m-DDATHF, (+)-N-[3-[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopyrido-
[2.3-d]pyrinidln—6-y|)eihyl]—betmyll-t.-glutamc add (12) (6R,S)-abenzyl-DDATHF (n = 2), (+)-N-[5-[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopyridof2,3-
d]pyrimidin-6-yi)-1-oxo-pentyl}-L-glutamic acid (6R,S)-abenzyl-DDATHF (n = 3), (+)-N-[6-[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopyridof2,3-
djpyrimidin-6-yi)-1-oxo-hexyl]-L-giutamic acid; (14) (6R S)-abenzyl-DDATHF (n = 4), (+)-N-[7-[2-(2-amino-3,4,5,8,7,8-hexahydro-4-oxopyrido{2,3-d]pyri-
midin-6-y)-1-oxo-heptyll-L-glutamic acid; (15) (6R,S)-10-methyl-DDATHF, (+)-N-{4-[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopyrido{2,3-d]pyrimidin-6-
1 ~giutamic acid; (16) (6R,S)-10-hydroxymethyl-DDATHF, (+)-N-[4-[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopyrido{2,3-d]-
pyrimidin-6-yf)-1-hydroxymethylethyllbenzoyl]-L-glutamic acid; (17) (6R,S)-5-DATHF, (+)-N-[4-[[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopyridof2,3-d}-

CH3 CH CH
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TABLE 1
Qubatrats astivity of falate anaiags for murine liver FRGS
Compound no. Compound name K, (uuf rel V.0 Viad Kf
Standard compounds
1 DDATHF (lometrexol) 93+16 (3 1.0 1.0
29 LY231514 0.80 = 0.11 (3) 0.63 + 0.18 13.7
34 ZD1694 (Tomudex) 1.37 £ 0.11 (3) 1.0+ 0.19 6.8
31 Aminopterin 236 1.2 (18) 0.80 + 0.01 0.35
30 Methotrexate 166.0 + 14 (12) 0.50 + 0.09 0.031
Fused ring analogs
17 5-Deazatetrahydrofolate (5-DATHF) 0.95 =+ 0.10 (3) 0.63 + 0.02 6.6
28 5-Desmethylene-DDATHF 133+22 (3 0.58 + 0.18 0.62
25 7-Desmethylene-DDATHF 68.0 6.0 (2 0.76 = 0.06 0.12
26 7-Desmethylenetrideazatetrahydrofolate 820.0 =80 (2 1.28 + 0.15 0.02
27 7-Desmethylene-thiophene-DDATHF 720*32 (2 0.59 * 0.04 0.1
32 5,10-Dideazafolic acid 157.0 £ 5.0 (2) 0.45 = 0.08 0.046
33 Thiophene-5,10-dideazafolic acid 1750+ 22 (2) 0.45 + 0.01 0.023
Bridge region modifications
35 5,10-Dideaza-9,10-dehydro-folic acid 255.0 1.0 (2 0.10 = 0.01 0.007
20 Homo-DDATHF 3.8+01 (2 1.04 + 0.13 24
23 Homo-5-deazatetrahydrofolate 240+21 (3 1.00 + 0.44 0.34
21 Isohomo-5-deazatetrahydrofolate 39.0x24 (3) 0.59 = 0.25 0.33
18 10-Formyl-5-deazatetrahydrofolate 1.44 = 0.31 (5) 0.50 + 0.07 4.0
19 10-Acetyl-5-deazatetrahydrofolate 10911 (2 1.14 = 0.08 11
22 10-Formyl-isohomo-5-deazatetrahydrofolate 3207 3 0.40 = 0.05 13
15 10-Methyl-DDATHF 091 +0.12(2) 0.64 *+ 0.02 6.3
16 10-Hydroxymethyl-DDATHF 0.43 (1) 0.50 13.0
Replacement of the 1’,4'-phenyl ring of DDATHF with:
1" 1',3'-phenyl-(meta-DDATHF) No detectable substrate activity
6 cis-1',4’'-Cyclohexyl 79+08 (2 0.61 + 0.02 0.87
7 2',5'-Thienyl- 39+07 (2 0.55 + 0.04 1.3
12 ~(CH,),- 40.0 25 (2 0.55 * 0.05 0.18
13 -(CHp)s- 10.6 + 2.3 (2) 0.46 + 0.04 0.57
14 -(CHy)4- 28.0+03 (2 0.55 * 0.07 0.26
2 . (6-R,S)-2'-F-Phenyl- 4611 (2 0.69 + 0.08 1.40
(6-R)-2'-F-Phenyl- 46*06 (2 0.75 + 0.16 1.36
3 3'-F-Phenyl- 65+20 (2 0.93 +0.14 1.30
4 3',5’'-diF-Phenyl- 82.0*69 (2 0.33 = 0.08 0.040
5 2'-Cl-Phenyl- 21.0+04 (2) 0.46 = 0.02 0.23

# Values listed are mean *+ standard error for n = 3 or * ' range for n = 2 replicate experiments.

©The ratio of V., for a substrate to the V, ... for lometrexol with murine liver FPGS.

© The Vnax Of a substrate relative to lometrexol divided by the K, of a substrate relative to lometrexol. The kinetics of a standard compound was measured in each
experiment to allow accurate comparisons among substrates.

contribution to the differences among substrates for either
enzyme was due to differences in K,,,. This pattern remained
for the series of compounds studied (Tables 1 and 2), and
differences in V_,,, among substrates varied only by 4- and
8-fold for mouse and hog liver enzymes, respectively.
Substrate activity of DDATHF analogs modified in
the phenyl moiety. Analogs of DDATHF were available in
which the phenyl ring was modified or replaced. A compari-
son of the activity of DDATHF analogs bearing a 2'- or
3'-fluoro group (compounds 2 and 3) indicated a modest in-

crease in the first-order rate constant (k') relative to that of
lometrexol (Table 1). A 2'-C] substitution (compound 5) re-
sulted in a 4-fold decrease in k', with an increased K, and a
decreased V.. Very similar effects of 2'-F and -Cl groups on
the FPGS reaction have been reported for 5,8-dideazafolic
acid analogs (22). Substitution of fluorine at both the 3’ and
5’ positions of the phenyl ring (compound 4) substantially
decreased the substrate activity of the dideazatetrahydrofo-
late analog, with a 25-fold decrease in first-order rate con-
stant.

pyrimidin-6-yl)methyljJamino]benzoyl}-L-glutamic acid; (18) (6R,S)-10-formyl-5-DATHF, (*)-N-[4-[[[2-(2-amino-3,4,5,6,7,8-hexahydro-4-
oxopyridof2,3-d]-pyrimidin-6-yl)methyllformyllamino]benzoyl]-L-glutamic acid; (19) (6R,S)-10-acetyl-5-DATHF, (+)-N-[4-[[[2-(2-amino-3,4,5,6,7,8-
hexahydro-4-oxo-pyrido[2,3-d]pyrimidin-6-yl)methyllacetyllamino]benzoyl]-L-glutamic acid; (20) (6R,S)-homo-DDATHF, (+)-N-[4-[3-(2-amino-
3,4,5,6,7,8-hexahydro-4-oxopyrido[2,3-d]pyrimidin-6-yl)propyllbenzoyl]-L-glutamic acid; (21) (6R,S)-isohomo-5-DATHF, (+)-N-[4-[[2-(2-amino-
3,4,5,6,7,8-hexahydro-4-oxopyrido[2,3-d]pyrimidin-6-ylimethyilami benzoyi]-L-glutamic acid; (22) (6R,S)-10-formyi-isohomo-5-DATHF,
isohomo-DDATHF; (*+)-N-[4-[[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopyrido[2,3-d]pyrimidin-6-yl)methyllamino(formyl)methyl]ben
zoyl]-L-glutamic acid; (23) (6R,S)-homo-5-DATHF, (+)-N-[4-[[[2-(2-amino-3,4,5,6,7,8-hexahydro-4-oxopyrido{2,3-d]pyrimidin-6-yi)ethyllamino-
Jbenzoyl]-L-glutamic acid; (24) 7-desmethylene-nor-DDATHF, N-[4-[4-(2,4-diamino-1,6-dihydro-6-oxo-5-pyrimidinyl)propylflbenzoyi]-L-glutamic
acid; (25) 7-desmethylene-DDATHF, N-[4-[4-(2,4-diamino-1,6-dihydro-6-oxo-5-pyrimidinyf)butyi]benzoyi]-L-glutamic acid; (28) 7-desmethylene-
trideazatetrahydrofolic acid, N-[4-[4-(2-diamino-4-methyl-1,8-dihydro-6-oxo-5-pyrimidinyl)butyflbenzoyl]-L-glutamic acid; (27) 7-desmethylene-
2',5'-thienyl-DDATHF, N-[5'-[4-(2,4-diamino-1,6-dihydro-6-oxo-5-pyrimidinyl)butyl]-2'-thienyl]-L-glutamic acid; (28) 5-desmethylene-DDATHF;
N-{4-[4-(2amino-1,6-dihydro-6-oxo-4-pyrimidinyllaminobutyl]benzoyl]-L-glutamic acid; (28) LY231514, N-[4-[2-(2-amino-3,4-dihydro-4-oxo-7H-
pymrolof2,3-d]pyrimidin-5-yl)ethyl]benzoyl]-L-glutamic acid; (30) methotrexate; (31) aminopterin; (32) 5,10-dideazafolic acid, N-[4-[2-(2-amino-3,4-
dihydro-4-oxopyrido[2,3-d]pyrimidin-6-yijethyljbenzoyl]-L-glutamic acid; (33) thiophene-5,10-dideazafolic acid, N-[5'-[2-(2-amino-3,4-dihydro-4-
oxopyrido[2,3-d]pyrimidin-6-yl)ethyi]2'-thienyl]-L-glutamic acid; (34) ZD1694 (tomudex); (35) 5,10-dideaza-9,10-dehydro-folic acid, N-[4-[2-(2-
amino-3,4-dihydro-4-oxopyrido[2,3-d]pyrimidin-6-yl)ethenyl]benzoyi]-L-glutamic acid.
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The 1',4’-phenyl group of DDATHF could be replaced by
other ring systems or by much simpler aliphatic moieties
with retention of activity as a substrate for mammalian
FPGS. Thus, replacement of this group with a 2',5'-thio-
phene (compounds 7-9) barely changed the kinetic charac-
teristics of the FPGS reaction with either enzyme source. As
had been previously found with the diastereomers of
DDATHF differing in chirality about carbon 6 (17), both
isomers of the thiophene derivative of DDATHF were used as
substrates by FPGS; the 6S isomer was a somewhat more
efficient substrate as a result of its lower K,, (Table 2).
Remarkably, replacing the phenyl group of DDATHF with a
cis-1',4'-cyclohexyl group (compound 6) allowed almost the
same substrate activity as observed for lometrexol for either
source of FPGS. The phenyl ring of lometrexol could be re-
placed by an aliphatic linker of two, three, or four methylene
units (compounds 12-14, Table 1) with retention of substrate
activity for FPGS. The kinetic characteristics observed for
this homologous series suggested that this presumptive
space-filling role of the phenyl ring of DDATHF was best
modeled by an aliphatic chain that was three methylene
units in length. Despite this degree of tolerance for structural
variation in this region of the DDATHF molecule, two struc-
tural modifications in this region were found to disrupt sub-
strate activity: (1) replacement of the 1’,4’-phenyl group by a
2',5'-furan (compound 10, Table 2) resulted in an 11-fold
decrease in first-order rate constant due to a 2.4-fold increase
in K,, and a 4.8-fold decrease in V., and (2) in vitro poly-
glutamation was undetectable when the substituents on the
phenyl ring were changed from the 1',4’-para to the 1',3'-
meta configuration (compound 11, Tables 1 and 2). A similar
lack of FPGS substrate activity had been observed with the
meta derivative of aminopterin (24).

Structural alterations of the bridge region. The addi-
tion of another methylene group in the bridge region of
DDATHF (compound 20, homo-DDATHF) increased the
first-order rate constant relative to lometrexol marginally
(1.6- to 2.4-fold for hog and murine FPGS, respectively) due
to an effect on K,,, (Tables 1 and 2). Replacement of either the
central bridge methylene of homo-DDATHF (compound 21)
or the 11 position methylene (compound 23) with nitrogen
resulted in analogs that were less active substrates than

DDATHEF by a factor of 3 and approximately 7-fold less active
than the analogous compound with a three carbon methylene
bridge, i.e., homo-DDATHF, compound 20. These differences
reflected mainly higher K,, values of the heterosubstituted
bridge compounds.

Four DDATHF analogs were as active as substrates for
FPGS as the thymidylate synthase inhibitors ZD1694 and
LY231514: (1) either a methyl or a hydroxymethyl substitu-
tion at carbon 10 of DDATHF (compounds 15 and 16) re-
sulted in a major decrease in K,,, relative to that of DDATHF
and an overall 6.3- and 13-fold increase in first-order rate
constant for the FPGS reaction, respectively; (2) replacement
of carbon 10 of DDATHF with nitrogen (5-DATHF, compound
17) had a similar effect; and (3) a 10-formyl substitution of
5-DATHF (compound 18) did not alter the favorable K,, or
Vmax Values. The similarity of the use of 5-DATHF and its
10-formyl derivative agrees with the equivalent acceptance of
tetrahydrofolate and 10-formyltetrahydrofolate by mamma-
lian liver FPGS (25-27). An additional methylene group be-
tween the N-formyl group of compound 18 and the phenyl
ring, i.e., compound 22, had the same effect on the kinetic
pattern observed from a comparison of 5-DATHF with iso-
homo-5-DATHF (compound 21, Table 1). An acetyl group at
the 10 position of 5-DATHF (compound 19) decreased the
efficiency of polyglutamation of this analog due to a 10-fold
increase in K, relative to 5-DATHF, presumably an indica-
tion of a limited bulk tolerance at this position, similar to
that observed with a series of N-10 alkylated 5,8-dideazafolic
acid analogs (28).

Structural alteration of the pyridopyrimidine ring.
The thiophene analog of DDATHF in which the pyridopyri-
midine ring is not reduced (compound 33) displayed a sub-
stantially higher (45-fold) K,,, than its reduced analog (com-
pound 7) and a lower first-order rate constant, which
reflected this difference (Table 1). This was similar to the
poor substrate activity previously noted for folic acid (25—27)
and for 5,10-dideazafolic acid (28). The kinetics of the mouse
liver FPGS reaction with an analog in which the flexibility of
the bridge region was decreased by a 9,10 double bond (com-
pound 35) were remarkably similar to the corresponding
control compound 32. Acyclic analogs of DDATHF (com-
pounds 25 and 28) or its thiophene analog (compound 27)

TABLE 2
Substrate activity of folate analogs for hog liver FPGS
Compound no. Compound name K 18l Ving,? 1€l Vinaw Km®
]
Standard compounds
1 DDATHF (lometrexol) 16.4 1.0 (5) 1.0 1.0
29 LY231514 19*05 (3 0.74 = 0.10 6.40
34 ZD1694 (Tomudex) 27*x04 (2 137 = 0.16 8.31
30 Methotrexate 1160+ 14 (3) 0.51 = 0.08 0.07
DDATHF analogs
Cyclohexyl-DDATHF 98+1.0 (3) 0.51 = 0.05 0.85
7 (6-R,S)-Thienyl-DDATHF 92+08 (4 0.46 = 0.03 0.82
8 (6S)-Thienyl-DDATHF 6.0+ 05 (4) 0.44 + 0.03 1.19
9 (6R)-Thienyl-DDATHF 15.8 £ 2.5 (5) 0.70 = 0.12 0.73
10 2',5'-Furyl-DDATHF 38.9 + 10.2 (3) 0.21 * 0.02 0.09
11 Meta-DDATHF No detectable substrate activity
20 Homo-DDATHF 100+16 (4) 0.97 + 0.08 1.60
24 7-Desmethylene-norDDATHF 49.5+29 (2 0.18 = 0.01 0.06

*® Values listed are mean * standard error for n = 3 or + %2 range for n = 2 replicate experiments.
® The ratio of V,,,, for a substrate to the V... forlometrexo!(977*-128nmo|/hfmgn=5)withhogliverFPGS
€The Viex ofawbw:terdaﬂvetolometrexoldbvldodbytheK of a substrate relative to lometrexol.
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TABLE 3

Affinity for human rGARFT, relative first-order rate constant for
FPGS, and in vitro cytotoxicity for inhibitors of GARFT

Vinarl K

'8 'm c
0. rGARFT? K, (relative to DDATHF) CCRF-CEMC ICs,
(nw) (nm)
1 59.7+76 (2 1.0 152 +26 (3)
2 530 +20 (2 1.40 9622 (7)
3 130 (1) 1.30 6.2*+1.0 (2
4 310 (1) 0.04 209 1)
5 780 (1) 0.23 108 =23 (2)
6 6.8 (1) 0.85, 0.87 128 +43 (2)
7 21+02 (5 0.82, 1.30 2.2 (1)
8 12201 (3 1.19 13 1)
9 6511 (3 0.73 29 (1)
10 0.77 = 0.04 (2) 0.09 282 +30 (3
1 15 1) No activity 71.3*+x21.3Q)
13 30 (1) 0.57 220+34 (2
18 3400 (1) 4.0 51554 (3
20 146 0.7 (2 1.60, 2.4 45.2 (1)
25 630 1) 0.12 120+4 (2

# K, for human recombinant monofunctional GARFT. Values listed are mean +
standard error for n = 3 or + ‘2 range for n = 2 experiments. Values >100 nM
were determined with the Michaelis-Menten equation, and values <100 nM were
determined with the Morrison equation for tight-binding inhibitors as described
previously (15).

® First-order rate constants for conversion to diglutamate relative to lometrexol
(compound 1). When two rate constants are listed, the first is for hog liver FPGS
and the second is for murine liver FPGS.

€ Values listed are mean * standard error for n = 3 or * %2 range for n = 2
experiments. The 72-hr in vitro cytotoxicity assays were performed as described
previously (15).

displayed higher K|, values (13-72 uM, Table 1), and an
acylic analog of 5,8,10-trideazatetrahydrofolic acid (com-
pound 26) had an even higher K, value. Remarkably, these
compounds were still accepted as substrates for mammalian
FPGS.

Inhibition of GARFT and of the growth of human
leukemic cells. The usefulness of data on the kinetics of
activation by FPGS and on inhibition of human rGARFT to
predict the potency of DDATHF analogs as inhibitors of the
growth of human leukemic cells was determined (Table 3). In
the series studied, most compounds that had even a moder-
ate affinity for human rGARFT (K;<150 nM) but high rela-
tive first-order rate constants for FPGS (>0.70) were potent
inhibitors (IC4,<20 nM) of the growth of CEM cells (com-
pounds 1, 3, 6-9). As expected, inhibitors with moderate or
low affinity for human rGARFT (K;>150 nM) and low relative
first-order rate constants for FPGS (k'<0.30) were relatively
poor (IC5,>100 nM) inhibitors of tumeor cell growth (com-
pounds 4, 5, and 25). When correlations among the potency of
inhibition of CEM cells, the first-order rate constant for
FPGS, and the K, for human or murine GARFT were exam-
ined, a correlation was apparent between the potency of
DDATHF analogs as tumor cell growth inhibitors and the
ratio of k' for FPGS to K; for the target enzyme, GARFT. This
suggests that both processes, namely, efficient FPGS activa-
tion and intrinsic binding of the monoglutamate to the target
enzyme, were necessary prerequisites for efficient antitumor
activity in this series (Fig. 2). Perhaps more interesting than
this correlation were the compounds that constituted outly-
ing data points in this analysis: the 2'- and 3'-F derivatives of
DDATHF (compounds 2 and 3) were more active as growth
inhibitors than expected from the values of these two param-
eters, whereas three compounds with structural modifica-
tions in the bridge or phenyl region (14~10>20) were less
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Fig. 2. Correlation of the activity of DDATHF analogs as inhibitors of
the growth of CEM cells with the efficiency as substrates for FPGS and
as inhibitors of mammalian GARFT. Each symbol represents one com-
pound. The ratio of k' for FPGS to K, for GARFT was calculated using
data obtained using human rGARFT and hog liver FPGS (O), using
human rGARFT and mouse liver FPGS (A), and using mouse L1210 cell
trifunctional GARFT (16) and mouse liver FPGS ().

growth inhibitory than expected from this ratio. Compound
14 had a K, value of 18 nM for murine trifunctional GARFT
(16) and an IC;, value of 80 nM against human CEM cells
(Fig. 2). We speculate that the fluorinated DDATHF analogs
may be more facilely transported than DDATHF or have
inhibitory activity on some other folate-dependent process,
whereas the latter compounds (compounds 14, 10, and 20)
may be poorly transported or poorly metabolized to longer
chain length polyglutamates.

Discussion

The present study was initiated several years ago to aid in
the development of second-generation DDATHF analogs. On
the basis of what was known about lometrexol, as well as
ZD1694, CB3717, and methotrexate, it was clear that metab-
olism of folate analogs to long chain polyglutamates would
enhance intracellular trapping of antifolate metabolites.
Polyglutamate derivatives of thymidylate synthase inhibi-
tors and antifolate inhibitors to GARFT are so much more
potent inhibitors of their target enzymes (15, 16, 29, 30) that
we have previously proposed that the polyglutamate metab-
olites are the active forms of these compounds and that
parent compounds are actually prodrugs (31). Therefore, the
original concept of this work was to identify structural motifs
that would enhance the use of analogs by mammalian FPGS.
Armed with this information, we sought to design potent
folate antimetabolites capable of rapid accumulation and ac-
tivation to polyglutamates in tumor cells in vivo. Should the
ongoing clinical studies on lometrexol indicate that GARFT
inhibitors that are better or poorer FPGS substrates would
be expected to have a therapeutic index superior to that of
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DDATHF, compounds with such characteristics could be
identified on the basis of these studies (Tables 1 and 2). At
this point in the study of these compounds, it is not clear
whether efficiently polyglutamated folate analogs would nec-
essarily lead to selective chemotherapy of cancer or under
what circumstances (if any) that should be expected. It is
important to recognize that transport mechanisms such as
folate receptor isotype and the reduced folate carrier may
play significant roles in modulating selectivity as well. Nev-
ertheless, in the present study, we identified several com-
pounds inhibitory to GARFT that would be expected to accu-
mulate in tumors cells expressing FPGS more readily than
DDATHF, namely, 5-deazatetrahydrofolate, 10-formyl-5-
deazatetrahydrofolate, 10-hydroxymethyl-DDATHF, and 10-
methyl-DDATHF.

The use of structure-activity relationships to probe en-
zyme-active sites is a classic approach, albeit one that only
slowly and tentatively furnishes data on the shape of the
enzyme surfaces involved in substrate binding and catalysis.
In agreement with previous work on the substrate specificity
of mammalian FPGS, these studies indicate that substantial
structural modification of the DDATHF molecule is compat-
ible with substrate activity. In addition, the kinetic evalua-
tion of the FPGS reaction with the series studied herein has
given some new information about the active site of mouse
and hog liver FPGS: 1) the active sites of the mouse and hog
liver enzymes appear very similar on the basis of probing
with the spectrum of compounds compared in this study; 2)
the phenyl ring typical of folates apparently is not involved in
anchoring the DDATHF structure in the active site by any
w-m hydrophobic interactions, as demonstrated by the activ-
ity of the DDATHF analog in which the phenyl ring is re-
placed by a cyclohexyl group; 3) instead, the phenyl ring
appears to be fulfilling a space-filling role equivalent to the
length of a three carbon aliphatic chain so that both pyri-
dopyrimidine ring and the glutamic acid side chain are in
positions within the active site compatible with substrate
binding and catalysis; 4) the requirements of the folate bind-
ing domain of FPGS were not rigorous with respect to the
tetrahydropyridine ring found in DDATHF; analogs in which
this ring was replaced by aliphatic connecting groups bound
to FPGS and were used as substrates; 5) likewise, consider-
able structural modification in the bridge region between the
pyridopyrimidine and the phenyl ring was compatible with
substrate activity; 6) some compounds that were close struc-
tural homolegs to the DDATHF molecule were substantially
better substrates for FPGS while maintaining GARFT as a
target for growth inhibition, for example, 5-deazatetrahydro-
folate, 10-formyl-5-deazatetrahydrofolate, and 10-methyl-
DDATHF; 7) other structures related to DDATHF that re-
sulted in increases in FPGS substrate activity did so at the
expense of potency to inhibit GARFT or in some cases, spec-
ificity for GARFT e.g., LY231514 (19).

Several comparisons that could be drawn on the basis of
these data, like the previous SAR studies published on this
enzyme, appear to be incompatible with any single detailed
model for the active site of FPGS. As one example, homo-
DDATHTF is an apparently superior substrate for both mouse
liver FPGS (Table 1) and for hog liver FPGS (Table 2). Yet, all
other homofolate derivatives of the naturally occurring folate
cofactors are worse substrates for mouse liver FPGS than the
corresponding folate compounds, sometimes by a substantial

factor (32). Indeed, homo-5-deazatetrahydrofolate is much
less readily accepted by mouse liver FPGS than is 5-deaza-
tetrahydrofolate itself (Table 1). Therefore, although one can
now deduce some general rules regarding which folate sub-
strates will be accepted by the active site of this enzyme, it is
not yet possible to predict quantitative estimates of how well
new compounds would be activated by this enzyme. In addi-
tion, others have found that some compounds that are effi-
ciently metabolized to a diglutamate by FPGS are poorly
metabolized to longer chain polyglutamates (33). Under
these circumstances, it is clear that the predictive accuracy of
in vitro enzyme assays that measure the conversion of parent
antifolylmonoglutamate to the corresponding diglutamate
will only imperfectly predict metabolism of potential new
drugs to intracellularly retained, long chain polyglutamates
in vivo. With the recent publication of the cDNA sequence of
human FPGS (34), it would be expected that recombinant
FPGS would soon become available in pure form, allowing
alternative and more direct approaches to these questions.
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