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amenable to selective intervention, and, in addition, development of
useful agents may take many years. A second approach is to improve
the selective intervention in cellular pathways already known to be
vulnerable. This is an attractive option because it is already known
that selective intervention is possible, and the basic science in such
areas is sufficiently well developed to allow for rational, rapid design
and development of new agents.

Folic acid metabolism is known to be a sensitive pathway for
selective intervention in a number of cancers and thus is a particularly
fruitful area for new drug development (2). MTX,3 the antifolate
currently approved for clinical use, is effective as a single agent
against a range of tumors, but its tumor spectrum is still limited and
acquired resistance is common (3). New antifolates with a broader
tumor spectrum and/or greater selectivity would be useful additions to
clinical practice. DHFR, which is inhibited by MTX, and numerous
other folate-dependent enzymes in mammalian cell metabolism offer
potential targets for the development of such new antifolates. This
concept has led to the recent development of new inhibitors of DHFR
[e.g., iO-EDAM (4)}, TS [e.g., IC! Di694 (5)], and glycineamide

ribotide transformylase [e.g., 5,iO-dideazatetrahydrofolate (6)]. These
and related agents are now in phase I-Ill clinical trials, clearly mdi
cating a widespread interest in developing new antifolates.

Recent breakthroughs in the antifolate area have generally occurred
by applying rational design or use of protein crystal structures (7, 8)
to develop antifolates with radical structural changes. One area of
recent interest is replacement of the 6-membered pyrazine ring of the
B-region (9) with various 5-membered ring systems, including pyrrole
and dihydropyrrole rings, which led to antifolates with pyrrolo
[2,3-djpyrimidine rings and their corresponding dihydro derivatives
(10, 11). Although the earliest structures of this type were inactive
(12), the newer structures have pronounced antitumor activity in vitro
and in vivo (10, 11). At the same time as these recent efforts, we were
embarked on a parallel exploration of the antitumor efficacy of a wide
variety of novel 6,5-fused ring heterocyclic antifolates targeted to
DHFR (13). Among these antifolates were hitherto undescribed cyclo
penta[d]pyrimidine- and pyrrolo[3,2-d]pyrimidine-containing struc
tures (Fig. 1). Because of their unique structures, we characterized
these analogues at the cellular and biochemical level with particular
regard to their ability to inhibit DHFR, to be transported, and to be
converted to their poly(y-glutamate) metabolites. The results suggest
that 6,5-fused heterobicyclic compounds are an important new lead
in the development of more selective antifolates and that these
compounds, or second generation derivatives, should be developed
further.

3 The abbreviations used are: M'l'X, methotrexate; AMT, aminopterin; pBGlu, pars

benzoylglutamic acid; C@,ethylene; C3, trimethylene; lO-EDAM, iO-ethyl-10-deazasmino
pterin; DHFR, dihydrofolate reductase; EC50; drug concentration effective at inhibiting
cell growth by 50% relative to untreated control; ER, Eisai Research; FPGS, folylpoly
glutamate synthetase; Glu, glutamic acid; HPLC, high-pressure liquid chromatography;
7-OH-M1'X,7-hydroxymethotrexate;lC@,drugconcentrationinhibitingenzymeactivity
by 50%; LV, leucovorin (5-formyltetrahydrofolate); TS, thymidylate synthase; V,,1.VmS.
relative to AMT; V,,@/Km,relative catalytic efficiency.
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ABSTRAâ‚¬T

Six novel antifolates with 2,4-diaminopyrimidine-fused five-membered
rings containing either pyrrole or cyclopentene rings were characterized
at the cellular and biochemical leveL Five of these antifolates were more
growth inhibitory to the CCRF-CEM human leukemia cell line than
methotrexate [MTX; drug concentration effective at inhibiting cell growth
by 50% relative to untreated control (EC@J),12 ni@i],the antifolate used in
the clinic, and two were more potent than 1O-ethyl-1O-deazaaminopterin

@ 2.7 nM); similar patterns of response were obtained in the FaDu
and A253 squamous carcinoma ceH lines. In addition, the growth inhibi
tory potency of these antifolates was generally less dependent on exposure
time than was MTX. Growth inhibitory effects could be reversed by
leucovorin, indicating an antifolate mechanism. These antifolates targeted
dihydrofolate reductase (DHFR) based on direct human DHFR inhibition

assays [drug concentration inhibiting enzyme activity by 50% (IC@IIJ,
0.6-28nM;MTX IC@,0.8ni@t]andthecross-resistanceof MTX-resistant
CCRF-CEM cells containing elevated DHFR. Inhibition of human thymi
dylate synthase was generally weak. These 6,5-fused ring heterocyclic

antifolates utilized the reduced folate/MTX transporter for uptake, based
on the cross-resistance of MTX uptake-Impaired CCRF-CEM cells, and
were efficient substrates for this uptake system, based on inhibition of
[3H]MTX uptake (IC@, O.3-&8 saM; aminopterin IC@, 2.6 saM). These

analogues were substrates for CCRF-CEM folylpolyglutamate synthetase,
with several being among the most active substrates now known (highest

V,.JKm 0.73; MTX and 1O-ethyl-1O-deazaaminopterin, 0.013 and 0.24,
respectively). Substrate activity for murine intestinal folylpolyglutamate
synthetase was also assayed, and a different specificity pattern was ob
served. These new antifolates are apparently not substrates for aldehyde

oxidase Analogues containing the fused cyclopentene ring are preferred
to those containing the fused pyrrole ring based on growth inhibitory
potency, effectiveness against decreased uptake mutants and apparent
affinity for transport, and inhibition of DHFR. In addition, fused cyclo
pentene-containing analogues are efficiently polyglutamylated. The data
indicate that antifolates with 2,4-diaminopynmidine-fiased five-membered
rings, especially those containing the fused cyclopentene ring, are an
important new class of antifolates which warrant further exploration at
the synthetic and preclinical levels.

INTRODUCTION

Chemotherapy remains one of our primary means of cancer treat
ment. The impact of chemotherapy on patient survival has been
limited, however, by intrinsic and acquired resistance to the agents
currenfly available. The quest for more effective chemotherapy has
led to two distinct approaches to development of new agents (1). The
first approach is to develop interventions in newly discovered cellular
pathways, such as in signal transduction and growth control. While
attractive, it is presently highly speculative whether these targets are
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Analysis. Analytical HPLC was performed on a Rainin Instruments
HPLCsystem using the Dynamaxcontrollerand datacapturemodulerunon.a Macmtosh computer (16). Eluant was monitored at 280 and 254 nm.
Reversed-phase HPLC was performed on a C18column (0.4 x 25 cm; Rainin
Microsorb, 5 @m)at ambient temperature; the column was elutedisocraticallyat

1 ml/min using 0.1 M Na-acetate, pH 5.5, containing 7.5%acetonitrile,unless
otherwise noted. Anion-exchange HPLC was performed on anUltrasilc@AX

column(0.4x25cm;Beckman)at45Â°C,elutedisocraticallyat0.8mi/mm
with 35 or 85 mMNa-phosphate, pH 3.3; the concentration required toobtainNH,

@, NH,,@ @H(
I )H,N N COOHa

constantelution time (7.5 mm) for MDC dependedon column age. Each
analogue was >98% pure based on the area detected in HPLC. The cyclopen
tene-containing analogues displayed unusual chromatographic behavior.
ER26676 and ER27617 each displayed two peaks of nearly equivalent size
(retention times, 14.7 and 15.3 mm and 39.5 and 44.8 mm, respectively) on
reversed-phase HPLC, reflecting apparent resolution of their (55) and(5R)CH,isomers;

all other analogues gave single peaks. ER22805, which is alsoaNH@

N@@

j HH,N N N.@, 000H

â€˜)
tlOOH(5S,SR)

mixture, displayed only a single peak at a retention time (13.8 mm)
similar to that of ER26676. Since the only structural difference between
ER22805 and ER26676 is the replacement of carbon by nitrogen in the
â€œbridgeâ€•region of 26676, this nitrogen is the apparent source of the resolution
of the (5S) and (5R) isomers of ER26676 (and ER27617). Depending on
whether both isomers are equally active, potency values obtained for ER22805,
ER26676, and ER27617 may be affected. Separation of polyglutamate prod
ucts was performed on the anion-exchange column using a linear gradientasc@previously

described (16).
Cell Lines. The human T-lymphoblastic leukemia cell lineCCRF-CEMNH,

N â€˜% NH,@ @H

H f@*i@ )
H,N N COOH(17)

wastheprimaryscreenfor drugeffectsandwasthesourceof tumor
enzymes. CCRF-CEM sublines R3/7 and R3Odm (18) are resistant to inter
mittent MTX solely as a result ofdecreased MDC polyglutamylation; R3/7 and
R3Odm have 25 and 1%, respectively, of the FPGS-speciflc activity (measured
with MDC as the folate substrate) of parental CCRF-CEM. Ri is a CCRF
CEM subline resistantto MTh solely as a result of a 25-fold increase in
parental DHFR activity (19). P2 (as numbered in Ref. 20) is aCCRF-CEMNH,

N N@ @subline
resistant to MTX as a result of decreased MTX influx with normal

levels of parental DFIFR present (21). Routine culture of these lines wasas@jtN HNCOOH
H,Ndescribed

previously (18). FaDu (human squamous cell carcinoma of the
pharynx) and A253 (human epidermoid carcinoma of the submaxillarygland)COOHcell

lines were obtained as frozen stocks (American Type Culture Collection),
recovered, and subcultured in RPM! 1640-10% fetal calf serum. When FaDu
was inoculated at 10â€•-10@cells/60-mm dish, it exhibited an initial declinein9

NH2 N \ NH t@OOH

CH;@ 3
H,N@ N 000Hcell

number of about 35%, independently of inoculum; after a 24- to 72-h lag
(depending on inoculum density), log growth resumed to a saturation density
of 3.5 x 106cells/dish with a generation time of about 19 h. Under identical
conditions, A253 exhibited a 25% loss of cells after plating, and the lag period
was 24â€”48h, depending on initial inoculum. A253 exhibited a generation time
of 20 h and saturation density of 3.5 X 106/dish.Detached cells were <5%of.

. . . . .
Fig. 1. Structures of 6,5-fused rmg heterocychc antifolates investigated.total

cells for both cell lines during log growth; in plateau phase, detached cells
. .of FaDu mcreased to about 11%, while for A253 detached cells were still

@5%.All cell lines were verified to be negative for Mycoplasma contamina

MATERIALS AND METHODStion using the GenProbe test kit during the course of these studies.
Inhibition of Outgrowth of Human Cell Lines in Vitro. InhibitionofMaterials.

HPLC grade acetonitnle (Baker) was from Fisher. 2-Mercap outgrowth of CCRF-CEM and its MTX-resistant sublines in continuousandtoethanol
was from Eastman KOdak.All common chemicals were of reagentintermittent drug exposures was measured as described before (18). FaDuandgrade

or higher.A253 cells were plated at 2 X 10'V60-mmdish for growth inhibitionstudies,Analogues
and Determination of Extinction Coefficients Compoundsand the cell count at t = 72 h was used as the â€œinitialâ€•density toavoidused

in these studies (Fig. 1), N-[4-[3-(2,4-diaminopyrrolo[3,2-djpyrimidin-5-complications resultingfrom the initialgrowthlag. Outgrowthwasmeasuredyl)propyl]benzoyl]-L-glutamic
acid (ER22780), (5R,5S)-N-[4-[3-(2,4-diamino at 192 h; growth was logarithmic during the 72- to 192-h period. EC50values6,7-dihydro-5H-cyclopenta[djpyrimidin-5-yl)propyljbenzoyl]-L-glutamic

acidwere determined from plots of percentage of control growth versus the loga
(ER22805), (5R,5S)-N-[4-[2-(2,4-diamino-6,7-dihydro-5H-cyclopenta[djpyri rithm of drugconcentration.midin-5-yl)ethylamino]benzoyl]-L-glutamic

acid (ER26676), (5R,5S)-N-[4-Protection by LV against growth inhibitory effects was assayed byincluding[N'-[2-(2,4-diamino-6,7-dihydro-5H-cyclopenta[d]pyrimiclmn-5-yl)ethyl]-N'-i07-i05
M LV simultaneously with a concentration of drugpreviouslymethylaminojbenzoyl]-L-glutamic

acid (ER27617), N-[4-[3-(2,4-diamino determined to yield growth inhibition of 80â€”97%;the remainder of theassaypyrrolo[3,2-djpyrimidin-5-yl)-prop-1-en-2-yl]benzoyl]-L-glutamic
acidwas as describedabove.(ER26206),

and N-[4-[2-(2,4-diaminopyrrolo[3,2-d]pyrimidin-5-yl)ethyl]ben Enzymes. DHFR was partially purified from CCRF-CEM cells as de
zoyl]-L-glutamic acid (ER27464), were synthesized as described previouslyscribed previously (22). TS activity in CCRF-CEM was found in thesame(14).

Solutions for all experiments were standardized using extinction coeffi partially purified fraction as DHFR. Aldehyde oxidase was isolated fromrabbitcients
determined by standard means. MTX was a generous gift of Lederleliver as previously described (23). CCRF-CEM FPGS was eitherpurified(Pearl
River, NY). lO-EDAMwas a gift ofJ. R. Piper (15). AMT was obtainedthrough the BioGel A-O.5 Mgel-sieving step (specific activity, 12,000units/mgfrom

Sigma Chemical Co. (St. Louis, MO).protein) (22) or further purified on a P-il phosphocellulose column (specific
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indicates continuousexposure.CompoundEC@

(n,.s)at cxposure times(h):0-1200-240-6(0â€”6)/(0-120)MTX12.3Â±23

(n7)38Â±9 (n5)300Â±90(n5)24AMT3.0
Â±1

(n7)7.9
Â±1.3

(n5)40

Â±9
(n5)1310-EDAM2.7

Â±0.4
(n5)NDaNDER227806.6

Â±1.1
(n6)14

Â±0
(n2)52

Â±6
(n=2)7.8ER228050.66Â±0.02

(n2)1.6Â±0.1 (n2)12Â±3(n2)18ER266761.45
Â±0.25

(n2)3.55

Â±0.05
(n2)14

Â±1
(n2)9.7ER2746420Â±1

(n2)72Â±2 (n2)1125Â±75(n=2)56ER27617
1.8 Â±0.5
(n2)

a ND, not determined.4.0

Â±0.2
(n2)26

Â±7
(n=2)14

6,5-FUSEDRINGHETEROCYCUCANTIFOLATES

activity, 108,000 units/mg protein4; kinetic constants for AMT as a substrate
were the same at both levels of purification. One unit of FPGS catalyzes
incorporation of 1 pmol [3H]Glu/h.

FPGS was also extracted from normal mouse intestinal epithelial cells.
Separate epitheial cell populations isolated from various levels from the crypt
to the ViIIUStip were isolated by the general procedure of Weiser (24). Since
FPGS activity in this tissue is extremely low, all cell populations were pooled.
Pooled cells were stored as cell pellets at â€”80Â°until use. Cells were thawed in

0.1MTris-HC1,pH 8.85,containing0.1mMNa@-EDTA-O.1M2-mercapto
ethanol-i m@ AlP (Pharmacia)-2 mt@MgC12-5m@tbenzamidine (Calbio
chem)-0.i7 mg/ml soybean trypsin inhibitor (Sigma)-0.i7 mg/mi PefaBloc
(Boehringer) (1 mi/i ml packed cells) and extracted by two further cycles of
freezing in dry ice/methanol and thawing. The extract was centrifuged at
100,000 x g for 60 mm at 2Â°C.The crude extract was then concentrated about
3-fold (specific activity, 130â€”290units/mg protein) in an Amicon ultrafiltra
tion cell (YM-30 membrane) in order to have sufficient FPGS activity to obtain
accurate kinetic data. Because this preparation was a crude extract from a
tissue known to contain y-glutamyl hydrolase (25), an enzyme which hydro
lyzes polyglutamates, it was important to show that, under FPGS assay
conditions, y-glutamyl hydrolase would not affect the results. Control exper
iments (not shown) using 40 @M2-amino-4-oxo-pteroyldiglutamyl--y-[14C]-
Glu PteGlu2-['4C]Glu(26; a generousgift of Dr. CarlosKrumdieck,Univer
sity of Alabama, Birmingham) showed that, under conditions identical with
those used to assay FPGS activity (except that L-Glu was omitted), there was

no hydrolysis of this substrate by the concentrated crude intestinal extract
(detection limit was <150 pmol of['4C]Glu released), while at pH 4.5 (optimal
for most -y-glutamylhydrolases; 25) >80% of this substrate was hydrolyzed at
the same level of extract and the same time. Thus, although this extract does
contain y-glutamyl hydrolase, its activity is not apparent under FPOS assay
conditions. Furthermore, the efficiency of y-glutamyl hydrolase is lower with
di- than with triglutamates (25); since the only products produced in our kinetic
studies were diglutamates, the effect of even low levels of -y-glutamyl hydro

lase would be minimized.
Enzyme Assays. DHFR activity was assayed as described previously (22).

Standard assays contained 100 mM Tris-HCI, pH 7.0-150 mM KC1-20 p.M

dihydrofolate-20 mM2-mercaptoethanol-50 p.MNADPH. TS was assayed by
the displacement of tritium from [5-3IfldUMP into 3H2O (27). Inhibitory
potency was measured by adding increasing concentrations of an antifolate to
standard DHFR or TS assays and measuring the remaining activity.

Aldehyde oxidase was routinely assayed by measuring the A@1change as
MTX converts to 7-OH-MTX(23). Since it was unknown what spectral change
would occurif an ER analoguewas a substratefor aldehydeoxidase, substrate
activity of ER analogues was examined differently. Sufficient analogue to give
an absorbance of 1.5â€”1.8 at its highest wavelength of maximum absorption

was added to a standard aldehyde oxidase reaction mixture in the sample
chamber of a double beam scanning spectrophotometer (Shimadzu). The
sample was scanned between 370 and 220 am against a reference chamber
containing the standard reaction mixture without analogue. An amount of
aldehyde oxidase sufficient to quantitatively convert 80 nmol of MTX to
7-OH-MTX within 15 mm was then added to each cuvette. Scans were taken
at intervals for up to 45 min. It is unlikely that hydroxylation of ER analogues
would not produce some change in their spectral properties in the 220- to
370-nm region. MTX was included as a positive control.

FPGSactivitywas assayedas previouslydescribed(28, 29). This assayuses
[3H]Glu to radiolabel polyglutamates of a folate-like substrate during incuba
tion with the enzyme. The reaction mixture is applied to a DEAE-cellulose
minicolumn that is washed with a buffered NaCI solution to remove unligated
[3H]Glu. [3H]Polyglutamate products are retained on the minicolumn during
the wash and are then eluted quantitatively with acid. Critical to this assay is
the retention on the minicolumn of diglutamates and longer polyglutamates of
a substrate under the wash conditions required to remove unligated [3H]Glu.
Control experiments (data not shown) demonstrated that biosynthetically pre
pared diglutamates of most analogues would be quantitatively retained under
standard wash conditions (10 mM Tris-HC1, pH 7.5-110 mM NaC). For
ER22780 and ER27464, the diglutamate was quantitatively retained only when
a lower salt concentration (iO mi@iTris-HC1,pH 7.5-80 mMNaCl) was used.

Diglutamates of analogues for DHFR inhibition studies were obtained
biosynthetically using rat liver FPGS (28). Diglutamates were purified by
anion-exchange HPLC (see above), and the product peak was either neutral
ized to pH 7 and used directly or acidified with trichloroacetic acid (fmal

concentration 10%) and isolated on a Waters Sep-Pak C18 cartridge (30).
Diglutamates were quantitated based on the specific radioactivity of the
[3H]Glu used in the FPGS reaction.

CCRF-CEM FPGS assay conditions were as previously described (3i),
except that 50 p.g protease-free bovine serum albumin (Miles) was present.
Assays for the crude mouse intestinal FPOS were performed at 10 mr@tAl?
and 30 mM MgCl2, because of ATPase activity (18). All reagents were made
with freshly processed deionized water, stored frozen in aliquots, and used in
only 1â€”2experiments to avoid absorption of atmospheric CO2, which can lead
to kinetic constants that can be in error by as much as a factor of 2 (31).

Inhibition of [3H]MTX Transpoit Initial velocity of 2 p.M [3H]MTX
transport corrected for surface binding was measured at 2.5 and 5 mm using a
micromethod (32); uptake of radiolabel was linear over this time. Inhibition of
[3H]MTX uptake by an analogue was measured by adding increasing concen
trations of the analogue during the 5-mm uptake period.

Kinetic Data Analysis. Kinetic data were quantitated using the nonlinear
curve-fitting program of SigmaPlot. Kinetic constants of FPGS substrates were
determined by fitting to the rectangular hyperbola function; initial estimates of
parameters were based on visual inspection of kinetic data. Data concerning
inhibition of DFIFR were fitted to the four-parameter logistic function, and the
IC50was calculateddirectly.IC@values for TS and [3H]MTXtransportwere
determined graphically from plots of net activity or uptake versus antifolate
concentration.

RESULTS

Inhibition of Outgrowth of Human Cells in Vitro. Novel 6,5-
fused heterocyclic antifolates were compared to MDC, AMT, and
10-EDAM as inhibitors of outgrowth of CCRF-CEM human leukemia
cells during continuous exposure (Table 1). Except for ER27464 (the
pyrrole-C.@analogue), each fused 6,5-ring antifolate tested was more
potent than MTX under these conditions; several were as potent or
more potent than AMT and iO-EDAM. Growth inhibition of squa
mous cell carcinoma cell lines by continuous exposure to these
analogues was also investigated (Table 2). The FaDu and A253 cell
lines had sensitivity to MDC similar to CCRF-CEM and are thus
MTX sensitive during continuous exposure. The sensitivity of FaDu
and A253 to each analogue in continuous exposure was also similar to
that of CCRF-CEM, although there were small decreases in potency

Table 1 Growth inhibition of CCRF-CEM cells following continuous or intermittent
exposure to MiX, AM7 lO-EDAM, and ER antifolates

Cellswereexposedto drugstartingat timezero,anddrugwas removedby washing
after the indicated time interval; all samples were counted at t = 120 h; thus, 0â€”120

4 J. J. McGuire and W. H. Haile, unpublished method.
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Table 2 Growthinhibitionof FaDu and A253 humansquamouscarcinomacelllinesfollowing
continuous (120 h) erposure to MiX, AMT, and ERantifolatesEC50

(EM)Compound

FaDuA253MTX

12.6 Â±1.9 18.8 Â±4.8(n5)

(n5)AMT
4.4 Â±1.7 4.2 Â±0.6(n4)

(n=4)ER22780
16.3 Â±2.4 16 Â±2.2(n3)

(n3)ER22805
2.1 Â±0.7 1.3 Â±0.2(n3)

(n=3)ER26676
3.1 Â±0.2 2.3 Â±0.2(n2)

(n2)ER27464
47Â±2044Â±15(n3)

(n3)ER27617
1.9Â±0.31.6Â±0.1(n3)

(n3)

DrugCCRF-CEMR3Odm (@ Glu,.fR3/7(@ Glu@)â€•Ri(I DHFR)CR2(@ transport)'@MTX12.3
Â±2.3

(n7)13.0

Â±2.3
(n5)10.8

Â±0.8
(n3)700

Â±4
(n4)2300

Â±190

(n4)AMT3.0
Â±1

(n 7)3.8
Â±1.5

(n 6)2.5
Â±0

(n 3)205
Â±25

(n 4)1120
Â±170

(n4)lO-EDAM2.7
Â±0.4

(n5)3.3

Â±0.05
(n3)NDCJ@41@ER227806.6Â±1.1

(n 6)40Â±2 (n 2)11Â±1 (n = 2)450Â±100(n = 3)1190Â±310(n =2)ER228050.66
Â±0.02

(n 2)0.64

Â±0.06

(n 2)0.68 (n 1)44

Â±2

(n 3)9.5

Â±1.5

(n2)ER266761.45Â±0.25

(n 2)2.9Â±0 (n = 2)2.4Â±0.7(n = 2)92Â±28(n = 2)69Â±11 (n2)ER2746420Â±1

(n 2)16Â±0 (n 2)16Â±0 (n 2)720Â±10(n 2)2100Â±790(n2)ER276171.8
Â±0.5

(n 2)1.7

Â±0.1
(n 2)1.7

Â±0.5

(n 2)57

Â±3

(n 2)43

Â±5

(n 2)

Table 4 Inhibitionby MTX,AMT,and ER antifolatesof CCRF-CEMhumanleukemia
cell dihydrofolate reductase, thymidylate synthase, and of uptake of

2 tsi [@HJM1X by intact CCRF-CEM cells
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similar in potency to MTX and iO-EDAM, indicating that they are
tight-binding (â€œstoichiometricâ€•;33) inhibitors of human DHFR. The
exception was ER22780; its IC50 value was 35-fold higher than that of
MTX. In addition, the slope of the concentration-response curve for
ER22780 was not as steep as those for the other antifolates, which
were all similar, again indicating a less tight interaction between this
inhibitor and DHFR (data not shown).

DHFR inhibition by diglutamates of selected antifolates in this
series was measured (Table 4). The diglutamates had potency similar
to the parent agents in all cases, except possibly for ER22780. The
slightly greater potency against DHFR of the diglutamate of ER22780
suggests that ER22780 may be one of only two compounds known

Table 3 Growth inhthition ofparental CCRF-CEM and sublines with single, defined
mechanisms ofMTX resistance during continuous (0â€”120h) exposure to

Mm; AM7 lO-EDAM, and ER antifolates

Average values are presented Â±rangefor n = 2 and Â±SDfor n 3.

EC50(nM)against the squamous cell carcinoma cell lines by some analogues
(e.g., ER22780, the pyrrole-C3 analogue).

Dependence of growth inhibitory potency on time of exposure was
explored in CCRF-CEM (Table 1). All analogues in this class, with
the exception of ER27464, were similar to each other in their depen
dence of potency on exposure time and were less dependent on time
than was MTX. ER27464 showed the highest dependence of potency
on exposure time of all the antifolates tested.

Sensitivity to continuous exposure to antifolates in this class, AMT,
iO-EDAM, and MTX of a panel of CCRF-CEM sublines with de
fined, single mechanisms of resistance to MTX was studied (Table 3).
R3/7 and R3Odm, two cell lines resistant to intermittent (but not
continuous) MTX exposure because of defective MDC polyglutamate
synthesis, were not cross-resistant to continuous exposure to AMT,
iO-EDAM, or any, except one, antifolate in this class. The exception
was ER22780 to which R3/7 and R3Odm were cross-resistant 1.7- and
6-fold, respectively. Ri, with 25-fold increased wild-type DHFR
protein and activity, was cross-resistant to all of the compounds
tested, indicating that DHFR is the critical site of action for each; the
degree of cross-resistance varied between 32- and 70-fold, but it did
not appear that any structural feature correlated with the low end of
this cross-resistance spectrum. The R2 cell line, which displays de
creased MTh uptake, was also cross-resistant to all of the analogues
tested, indicating that they all use the reduced folatelMTX transport
system for the major portion of their uptake. The R2 cell line was
nearly as cross-resistant to the fused pyrrole-containing analogues
ER22780 and ER27464 as it was to MDC itself(i90-fold). In contrast,
R2 was markedly less cross-resistant to the fused cyclopentene
containing analogues, particularly ER22805 (the cyclopentene-C@
analogue), which was only 14-fold cross-resistant.

Antifolate effects were evaluated by the ability of concurrent LV to
protect against the growth inhibitory action of the analogues (data not
shown). CCRF-CEM and its MTX-resistant sublines Ri, R3/7, and
R3Odm were fully protected by i0@ M LV against EC8@95 concen
trations of ER22780; the R2 subline required iO_6 MLV to be fully
protected, which probably reflects its decreased capacity to transport
both reduced folates and glutamate-containing antifolates. Protection
against ER22805, ER26676 (the cyclopentene-C@-NH analogue),
ER27464, and ER27617 (the cyclopentene-C@-NCH3 analogue) at
ECso_95 in CCRF-CEM, P3/i, and R3Odmcells was achieved at iO@
M. The concentrations of LV required for protection are the same as

those required to protect against similar levels of growth inhibition
caused by MTX and AMT. Similar results were obtained in the A253
and FaDu cell lines.

DHFR Inhibition. Inhibition of partially purified CCRF-CEM
DHFR was assessed (Table 4). Most antifolates in this class were

a CCRF-CEM subline resistant to Ml'X solely as a result of decreased polyglutamyl
ation; this cell line has 1% of the FPGS-specific activity (measured with MTh as the
folate substrate) of parental CCRF-CEM (18).

b Similar to â€œaâ€•except FPGS-specific activity is 25% that of wild type.

C CCRF-CEM subline resistant to Ml'X solely as a result of a 25-fold increase in

wild-type DHFR protein and activity (19).
d CCRF-CEM subline resistant to M1'X as a result of decreased M'l'X influx (normal

levels of parental DHFR present; 21).
e ND, not determined.

DHFR IC50(EM)
[3H]MTX uptake

IC50(pM)
NDC

2.6 Â±0.4
(n 6)
ND

2.4 Â±0.09
(n 3)

0.3 Â±0.04
(n 3)
3.5Â±0.08

(n 3)
0.72 Â±0.02

(n 3)
5.8Â±1.3

(n 3)
0.6 Â±0.1
(n 4)

AntifolateParent+GLU1TS IC50(p@Mâ€•)MTX0.8

Â±0.1
(n=4)0.7

Â±02b
(n3)6AMTNDNDNDlO-EDAM1.1

Â±0.3

(n2)0.9
Â±0.3

(n=3)NDER2278028
Â±5

(n3)1

1.6Â±5.0

(n3)285

Â±35ER228050.6

Â±0.05
(n3)0.9

Â±0.1
(n2)1255

Â±125ER262061.5

Â±0.2
(n3)0.8

Â±0.1
(n=3)3.6

Â±0.2ER266760.8

Â±0.08
(n =2)ND>500ER274642.1

Â±0.1
(n 2)ND29

Â±4ER276170.9

Â±0.1
(n = 2)ND>500

a@ values are from two experiments and are presented as averages Â±range.
b Value for inhibition by the polyglutamate product containing one additional glutamic

acid in rny-linkage;since the parent analogue contains one glutamic acid, these are
diglutamate structures.

C ND, not determined.
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CompoundKm(pM)V@,,1V@i/KmaMTX280

Â±48

(n2)0.510.002AMT45Â±13

(n15)10.022ER227805.2
Â±0.9

(n 2)0.94

Â±0.070.18ER2280524

Â±2.50.74 Â±0.020.031ER26206(n
3)

NDâ€•
(n1)<0.3ER266764.6

Â±1.10.9 Â±0.050.20ER27464(n
2)

NDb
(n2)0.2ER2761714

Â±2
(n 2)0.5

Â±0.060.036

Table 5 Kineticconstantsfor MiX, AMT,JO-EDAM,and ER antifolatesassubstratesfor
CCRF-CEM folylpolyglutematesynthetaseAssays

were performed as described in â€œMaterialsand Methods.â€•In anindividualexperiment,
each assay contained the same number of enzyme units ofCCRF-CEMFPGS;

between experiments the number of units varied between 460 and670.Compound

Km (ILM) ViaiV@IÃ§aMDC

63Â±17 0.83Â±0.110.013(n

6)AMT
5.0 Â±0.5 10.20(n

5)10-F.DAM
2.7 Â±0.7 0.64 Â±0.110.24(n

5)ER22780
0.9 Â±0.2 0.66 Â±0.020.73(n

3)ER22805
2.5 Â±0.5 0.8 Â±0.090.32(n

7)ER26206
14 Â±0.7 0.87 Â±0.070.06(n

3)ER26676
1.5 Â±0.1 0.81 Â±0.020.54(n

3)ER27464
112 Â±12 0.75 Â±0.010.007(n

2)ER27617
3.3 Â±0.1 0.53 Â±0.020.16(n

2)a

@ higherthe numberthe betterthe relativesubstrateactivity.

6,5-FUSED RING HETEROCYCLIC ANTIFOLATES

whose polyglutamates may be required for inhibition of DHFR (34).
This suggestion should be explored using chemically synthesized
ER22780 polyglutamates of various lengths.

TS Inhibition. Inhibition of partially purified CCRF-CEM TS was
assessed (Table 4). Most analogues in this class were only as inhib
itory or much less inhibitory to TS than was MTX, which is generally
considered not to have significant direct inhibition at TS. Thus, TS
should not be a locus of action for this class of analogues, and most,
in fact, may be more specific inhibitors of DHFR than is MTX.
Although polyglutamylated antifolates may be more effective TS
inhibitors (25), the relatively low potency of most monoglutamates in
this series suggests that TS may not be an intracellular locus of action
even after conversion to polyglutamates. The interesting exception in
Table 4 is ER26206 (the pyrrole i-methylene-C@ analogue). Since its
potency is in the range of inhibition of TS that is seen with mono
glutamate forms of 2-amino-4-hydroxy-5,8-dideazafolates that are
specific TS inhibitors (27), this compound may be a new lead toward
folate-based TS inhibitors. In one experiment, preincubation of TS
with ER26206 in the absence of methylenetetrahydrofolate did not
lead to enhanced inhibition (data not shown).

Inhibition of [3JMTX Influx. Uptake of analogues was assessed
by their ability to inhibit the unidirectional influx of [3HJMTX (Table
4). This reflects their true capacity for uptake as long as the maximal
velocity of transport of all analogues is similar and as long as they are
transported only by the reduced folatelMTX transport system. Cross

resistance of the MTX influx-defective CCRF-CEM subline Bo
(Table 3) to these antifolates suggests that they are primarily trans
ported by this system. AMT is a potent inhibitor of [3H]MTX influx.
The fused cyclopentene-containing antifolates (ER22805, ER26676,
and ER 27617) were all more potent than AMT in this regard, while
the fused pyrrole-containing structures were the least potent of this
series of analogues.

FPGS Substrate Activity. The concentration dependence of sub
strate activity for each antifolate in this class with partially purified
CCRF-CEM FPGS was determined. Each analogue displayed
Michaelis-Menten kinetics; no substrate inhibition was observed with
any analogue, even at concentrations substantially above Km. Values
for K,,,, Vmssrelative to AM'F (Vrei), and Vmi/Km(the relative catalytic
efficiency) for the analogues were derived (Table 5). MTX was a poor
substrate for human FPGS, as previously demonstrated (35), while
AMT and iO-EDAM have much higher and similar efficiencies as

Table 6 Kineticconstantsfor MiX, Ahf1 and ER antifolatesas substratesfor murine
intestinal cell folylpolyglutamate synthetase from a concentrated crude extract

Assays were performed as described in â€œMaterialsand Methods.â€•In an individual
experiment,each assay containedthe same numberof enzyme units of mouse intestinal
cell FPGS; between experiments the number of units varied between 85 and 122.

a The higher the number, the better the relative substrate activity.
b ND, concentration dependence of FPGS activity was assayed but activity was so low

with this substrate(see estimatedV@)thatno reliableestimateof Kmcould be obtained.

substrates for human FPGS, at least for ligation of the first glutamate.
All of these antifolates, except ER27464, were more efficiently poly
glutamylated by human FPGS than was MTX. ER22780, ER-22805,

and ER-26676 are more efficient substrates than either AMT or
iO-EDAM and are among the most efficient substrates known for
ligation of the first glutamate.

Polyglutamates synthesized by CCRF-CEM FPGS at saturating and
subsaturating concentrations of several analogues at a single incuba
tion time were analyzed by anion-exchange HPLC (data not shown).
MTX (200 or 1990 p.M), iO-EDAM (20 or 195 .tM), ER22780 (20 or
200 @tM),and ER22805 (20 or 500 @.&M)produced only a single product

that eluted near the expected position of the diglutamate (one gluta
mate addition) at both concentrations. With ER26206 (100 or 1000
p@M), two radioactive peaks were detected in the HPLC chromato

gram; only one eluted near the position expected for the diglutamate,
while the second eluted earlier. The identity of the early eluting peak
was not explored. Since what is generally measured using isolated
FPGS and antifolates is synthesis of the first product only (29), these
data indicate the minimum chain length that can be anticipated in
intact cells with this class of antifolates.

Normal intestinal epithelium in mice may be a tissue of dose
limiting toxicity in preclinical evaluation of antifolates in general and
with some 6,5-fused ring antifolates in particular.5 Since polyglu
tamylation may play some role in this toxicity (36, 37), greater
selectivity may be achieved if an analogue is a poor substrate for
intestinal FPGS. Accordingly, the kinetic constants of various anti
folates for FPGS activity in a concentrated crude extract of murine
intestinal epithelium were determined (Table 6). Although the low
FPGS activity in this tissue (38â€”40) made it impossible to fully
characterize substrates with low relative @â€˜maxvalues, some informa
tive findings were made. MDC was a poorer substrate than was AMT,
as has been previously reported (40). Among those of the present
series for which there are complete data, ER22805 and ER27617 had
the lowest activity for intestinal FPGS, while ER22780 and ER26676
were excellent substrates for this enzyme. If polyglutamylation is a
determinant for toxicity of these analogues, then ER22805 and ER27617
may have lower mucosal toxicity than others in this series. Since we have
been unable to obtain complete data on this series, a structure activity
relationship cannot be drawn, however. It is also evident from the data

5 H. Nomura et al., unpublished observation.
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6,5-FUSED RING HETEROCYCLIC ANTWOLATES

target. Substitution of NH or N-Cl!3 for the CH2 adjacent to the
pBGlu in the C3-linker of the fused cyclopentene compounds has little
effect. The inhibitory potency of the diglutamates followed a similar
pattern, as far as was determined.

Inhibition of TS was poor by all compounds (Table 4), but ana
logues containing the cyclopentene ring were weaker TS inhibitors
and, thus, more DHFR specific. Within the more potent pyrrole series,
the C2-linker enhances TS inhibition. These findings might be cx
ploited in the design of 4-hydroxy congeners targeted to TS.

Assuming that the ability of an analogue to inhibit [3H]MTX uptake
reflects its own ability to be taken up, the cyclopentene substitution
favored greater uptake (Table 4). Within the cyclopentene series,
substitution of NH for the CH2 that occurs in the C3-linker in the
position adjacent to the pBGlu decreases transport 2-fold (ER22805>
ER26676), but substitution at this NH by N-CH3 (ER27617) does not
further affect transport. In the pyrrole series, shortening the linkage to
the pBGlu from C@to C@is deleterious; this may partially account for
the decreased potency of the pyrrole-C-@analogues. The higher affmity
of fused cyclopentene-containing analogues for the transporter prob
ably also explains why uptake-defective cells are less cross-resistant
to these analogues than to those containing the fused pyrrole (Table
3), although selective alteration of the transporter or alternate uptake
routes cannot be excluded.

Based on catalytic efficiency (V1@1/K@,)as human FPGS substrates
(Table 5), the fused pyrrole ring is slightly preferred over the fused
cyclopentene ring (ER22780 > ER22805); this is primarily a result of
a lower Km rather than increased turnover. However, since this slight
advantage can be radically altered by other structural changes, a clear
preference between these ring systems cannot be established. Decreas
ing the length of the linkage to the pBGlu in the pyrrole series from
C3 to C@causes a dramatic loss in activity with the CCRF-CEM FPGS
(ER22780 versus ER27464); it is not clear what contribution this
change makes to the decreased growth inhibitory potency of the
pyrrole-C@analogues since polyglutamates of true tight-binding in
hibitors of DHFR are not required during continuous exposure (18,
32). Substitution of NH for the CH2 that occurs in the C@-linker in the
position adjacent to the pBGlu of the cyclopentene series (ER26676)
causes a small increase in catalytic efficiency as a result of a decrease
in Km. Replacement of the NH group by NCH3 (ER27617), however,
causes a loss in both affinity and turnover; this change is similar to the
effect of the iO-NCH3 in MDC compared to AMT. Although complete
structure activity relationships could not be obtained for murine
intestinal FPGS because of the low activity in extracts, data for
ER22780 and ER26676 suggest that intestinal toxicity may be an
issue with these agents, while it may be less so with ER22805 and
ER27617 (the cyclopentene-C@-NCH3 analogue).

The effects of these compounds in continuous and intermittent
exposure can often be correlated with their biochemical properties.
For example, ER27464 (the pynole-C@ analogue) showed the greatest
dependence of potency on exposure time. This strong dependence
may be related to its poor affinity for the MTX transport carrier (Table
4) and its poor CCRF-CEM FPGS substrate activity (Table 5). In
contrast, ER22780 (the pyrrole-C3 analogue), which is a relatively
poor DHFR inhibitor (Table 4), is more potent than ER27464 at all
exposure times, probably because it is a good substrate for CCRF
CEM FPGS and is apparently transported well (Tables 3â€”4).The high
potency of ER22805 (the cyclopentene-C3 analogue) in both contin
uous and intermittent exposure appears to result from its potency
against DHFR, as well as its efficient uptake and polyglutamylation.
Thus, the biochemical data can aid in the selection of agents suitable
for further modification and for further preclinical development.

The fused pyrrole-containing analogue ER22780 possesses unusual
properties. MTX-resistant cells containing decreased FPGS activity

that the profile ofmurine intestinal FPGS activity is different from thatof
the human leukemia cell FPGS. This may reflect a human-mouse species
difference, or it may show a difference between normal and tumor tissue
FPGS; if the latter, these data would extend previous findings (40) that
FPGS from murine Li2iO and murine intestinal cells have differing
substrate specificities.

Aldehyde Oxidase Substrate ACtivity. The activity of these novel
analogues as substrates for rabbit liver aldehyde oxidase was compared to
that of MTX. Under the conditions used, MTX was quantitatively con
verted to 7-OH-MTX in 15 ruin. None of these analogues showed any
apparent activity during a 45-mm incubation period (data not shown).
The 6,5-fused ring antifolates in this class are either not substrates for
aldehyde oxidase or extremely poor substrates.

DISCUSSION

Data obtained in these studies show that antifolates with 2,4-
diaminopyrimidine-fused five-membered rings have the potential to
exert potent growth inhibitory effects on human tumor cells (Tables
1â€”3).Most analogues examined were more growth inhibitory than
MTX, the antifolate currently used in the clinic, and some were more
potent than iO-EDAM. Results showing less exposure time depen
dence of growth inhibition by these analogues suggest that it may be
possible to maintain effective plasma concentrations of this class of
antifolates (except ER27464) for a shorter time period in vivo than is
necessary with MTX and still maintain a good antitumor effect. A
shorter exposure time may lead to reduced toxicity. Growth inhibitory
effects could be reversed by LV, indicating an antifolate mechanism
and suggesting that LV rescue (41) may improve the therapeutic
selectivity of these agents in vivo. These 2,4-diamino 6,5-fused ring
heterocyclic antifolates utilized the reduced folateIMTX transport
system for uptake, and their growth inhibitory effects were primarily
mediated by DHFR inhibition (Tables 3â€”4).These new analogues
were also substrates for FPGS (Tables 5â€”6)with several being among
the most active substrates now known; polyglutamate metabolites
must thus be considered as components of therapeutic selectivity in
vivo with these antifolates. Lack of substrate activity for aldehyde
oxidase is a favorable property of this new class of analogues, since
metabolism by this enzyme in vivo inactivates other antifolates (23).
These data suggest that certain of these novel antifolates, such as
ER22805 (the cyclopentene-C3 analogue), are excellent candidates for
further preclinical and analogue development. Furthermore, the bio
chemical properties of these new antifolates suggest that development
of 4-hydroxyquinazoline (e.g., 2-amino-4-hydroxy- and 2-desamino
2-methyl-4-hydroxyquinazoline) congeners might allow selective tar
geting of other critical folate-dependent enzymes, including TS and
glycineamide ribotide transformylase.

Several conclusions may be drawn concerning structure-activity
relationships for growth inhibition in continuous exposure (Tables
1â€”2).First, the cyclopentene ring substitution is markedly superior to
the pyrrole ring (ER22805 > ER22780). Shortening the linkage from
three to two CH2 groups in the â€œbridgeâ€•region is deleterious in the
pyrrole series (ER22780 > ER27464), but the effect is unknown in the
cyclopentene series. Substitution of NH for the CH2 adjacent to the
pBGlu in the C3-linker of the cyclopentene series causes only a small
decrease in potency (ER22805 versus ER26676); substitution at this
NH with N-CH3 (ER27617) does not further affect potency.

For DHFR inhibition (Table 4), the cyclopentene ring is superior to
the pyrrole (ER22805 > ER22780). Interestingly, if the linkage to the
pBGlu is shortened in the pyrrole series from C3 to C@,there is a
14-fold increase in DHFR inhibitory potency (ER27464 and ER26206
versus ER22780). Thus, the decreased potency of the pyrrole-C@
analogues does not result from a lack of ability to inhibit their primary
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were cross-resistant to ER22780 and the cross-resistance inversely
correlated with FPGS levels. This suggests that polyglutamate metab
olites are crucial to inhibiting an intracellular target of ER22780,
because the retention function of polyglutamates is generally not neces
sary in continuous exposure (18, 32). Since DHFR generally does not
display a preference for polyglutamate derivatives, in contrast to other
folate-dependent enzymes (25), this allows the possibility that another
intracellular target is also inhibited by ER22780 (DHFR must be its
primary target based on the cross-resistance of the cell line containing

high DHFR levels). Another possibility is that ER22780 represents only
the second example ofan inhibitorwhose polyglutamates are more potent
inhibitors of DHFR than is the monoglutamate (34).

In this restricted series of agents, the ability to draw conclusions
regarding structure-activity relationships in 6,5-fused ring hetero
cyclic antifolates is limited. However, those analogues containing a
fused cyclopentene ring (ER22805, ER26676, and ER27617) are
preferred to those containing a fused pyrrole ring based on growth
inhibitory potency, effectiveness against decreased uptake mutants
and apparent affinity for transport, and inhibition of DHFR (including
as a diglutamate). In addition, fused cyclopentene-containing antifo
lates may be efficiently polyglutamylated. The choice of the substruc
tare linking to the pBGlu is more difficult based on these data because
the differences in the measured biochemical effects between these
structures are small and different effects favor different linkers. The
data presented here and the data of others concerning structurally
related pyrrolo[2,3-d]pyrimidines (10, ii) indicate that 6,5-fused ring
systems are an important new class of antifolates which warrant
further exploration at the synthetic and preclinical levels.
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