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ABSTRACT. Fluoroglutamate-containing analogs of folates and methotrexate (MIX) with altered capacities 
for poly (y-glutamate) metabolism were synthesized to probe the biological roles of polyglutamates. Compared 

to folic acid, DL-e,t-y-fluorofolic acid, a compound that is a poor substrate for polyglutamylation, was =25-fold 
less potent in promoting growth of folate-depleted H35 rat hepatoma cells. DL-p,p-Difluorofolic acid, a com- 
pound that forms diglutamates more readily than does folic acid, was at least equivalent to folic acid in potency. 

Leucovorin (LV), a reduced folate, was 30-fold more potent than folic acid in promoting growth, whereas the 
analogous form of DL-e, t-y-fluorofolate, DL-e ,t-y-fluoroleucovorin (DL-e, t-y-FLV) was only +fold more potent 
than folic acid. Both LV and DL-e,t-y-FLV protected or “rescued” cells from the growth inhibitory effects of 
MTX; however a 37- to 46-fold higher concentration of the fluoro analog was required. Folic acid, DL-e,t-y- 

fluorofolic acid, LV, and DL-e,t-y-FLV each potentiated the growth inhibitory effect of 5-fluoro-2’-deoxyuridine 

on CCRF-CEM human leukemia cells; higher concentrations of fluorinated analogs again were required. Ste- 
reochemically pure L-t-y-fluoromethotrexate (L-t-y-FMTX), a poor substrate for polyglutamylation, was evalu- 
ated as a cell growth inhibitor. In continuous exposure, L-t-y-FMTX was 7-fold less potent than MTX as an 

inhibitor of CCRF-CEM growth. Results with these fluorinated folate and MTX analogs offer insight into the 
importance of polyglutamate metabolism to these biological and pharmacological effects. BIOCHEM PHARMA- 

COL 52;8:1295-1303, 1996. 
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Folates are essential vitamins in human nutrition [l]. Poly 
(-y-glutamate) metabolites of folates are the active intracel- 
lular cofactors for folate-dependent enzymes and allow re- 
tention of folate pools far above their extracellular concen- 
tration [2]. An absolute requirement for folylpolyglutamates 
for cell growth and viability was first demonstrated in a 
classic study using polyglutamylation-deficient mutants of 
Chinese hamster ovary cells [3]. 

In addition to their nutritional role, folates are used at 
pharmacological doses in two cancer chemotherapy regi- 
mens: LV§ “rescue” of MTX toxicity [4] and potentiation of 
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P Abbreviations: 3,3-F,Glu, 3,3-difluoroglutamic acid; 4-FGlu, 4-fluoro- 
glutamic acid; ECIO, drug concentration effective in inhibiting growth to 
50% of untreated control; (6S)-DL-e,t-y-FLV, (6S)-DL-e,t-y- 
fluoroleucovorin [(6S)-5-formyl-5,6,7,8-tetrahydropteroyl (DL-e,t-4- 

the cytotoxicity of fluoropyrimidines by folic acid and re- 
duced folates [5, 61. The requirement for and role of folyl- 
polyglutamates in producing these interactions in vitro and 
in producing therapeutically selective interactions in viva 
are not defined as clearly as is their requirement in nutri- 
tion. 

fluoroglutamic acid)]; (6RS)-L-t-y-FLV, (6RS)-L-t-y-fluoroleucovorin 
[(6RS)-5-formyl-5,6,7,B_tetrahydropteroyl (L-t-4-fluoroglutamic acid)]; L-T- 
y-FMTX, L-r-y-fluoromethotrexate [4-amino-lo-methylpteroyl (L-t-4- 
fluoroglutamic acid)]; FPGS, folylpolyglutamate synthetase; 5-FUdR, 
5-fluoro-2’-deoxyuridine; GsO and G,,, concentrations supporting 50 and 
90%, respectively, of maximal growth; LV, leucovorin (5-formyl-5,6,7,8- 
tetrahydrofolate); MTX, methotrexate (4.amino-10smethylpteroyl- 
glutamic acid); DL-e,t-y-PteFGlu, DL-e,r-y-fluorofolic acid [pteroyl (DL-e,t- 
4-fluoroglutamic acid)]; DL-e,t-y-H,PteFGlu, DL-e,r-y-dihydrofluorofolic 
acid, [7,8-dihydropteroyl (DL-e,t-4-fluoroglutamic acid)]; (6R)-lo-HCO- 
DL-e,t-y-H,PteFGlu, (6R)-lo-formyl-DL-e,r-y-tetrahydrofluorofolic acid, 
[(6R)-lo-formyl-5,6,7,8-tetrahydropteroyl (DL-e,C-4-fluoroglutamic acid)]; 
DL-P$-PteF,Glu, pteroyl (DL-3,3-difluoroglutamic acid); PteGlu, folic 
acid (pteroylglutamic acid); and TS, thymidylate synthase. 
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One general approach to studying the requirement for 
folate polyglutamylation in nutrition and chemotherapeu- 
tic regimens is to use conservative structural analogs that 
retain the biochemical properties of folate monoglutamates, 
with the exception that the ability of the analog to form 
polyglutamates is either decreased or increased. Compari- 
son of the in vitro and in viva effects of a folate and its 
polyglutamylation-modified analog in growth promotion 
and in each chemotherapeutic regimen should allow a di- 
rect measure of the importance of polyglutamylation since 
other changes in cellular pharmacology would be elimi- 
nated. A clear advantage of a general chemical approach to 
the study of polyglutamylation over a genetic approach is 
that it can be readily used in diverse cell lines, as well as in 
duo. With respect to chemotherapeutic studies, a further 
advantage is that the chemical approach can be used in 
cells possessing a full complement of folylpolyglutamates at 
the start of treatment, as would occur in ho. 

This general chemical approach requires analogs that are 
altered in polyglutamylation, but not in other biochemical 
properties. We have implemented this approach by substi- 
tuting either 4-FGlu or 3,3-F,Glu for Glu in folates and 
antifolate analogs (Fig. l).* Analogs of folates [9] or anti- 
folates [B-11] containing 4-FGlu have a dramatically re- 
duced capacity for polyglutamylation by purified FPGS, 
while analogs of folates or antifolates containing 3,3-F,Glu 
form diglutamates with significantly higher efficiency than 
do natural folates [l 11. These data suggested that intracel- 
lular polyglutamylation of 4-FGlu-containing species would 
be greatly reduced; this hypothesis was confirmed for the 
4-FGlu-containing analog of MTX [B]. Fluorination might 
not affect other biochemical properties of the analogs sig- 
nificantly, despite the known electronic effects of fluorine, 
since fluorine and hydrogen are very similar with respect to 
their atomic radii [12]. Studies of the 4-FGlu-containing 
analog of MTX [B-l 1, 131 with purified folate-dependent 
enzymes and in intact cells suggested that other biochemi- 
cal interactions were affected minimally. Despite some 
limitations imposed by the fact that the analogs containing 
4-FGlu can be polyglutamylated at a very low slow rate and 
that there are some changes in other biochemical proper- 
ties, these analogs can still be useful for assessing whether 
polyglutamates are rate-limiting to particular cellular pro- 
cesses. 

Analogs of folic acid [9] and LV containing 4-FGlu as 
well as the folic acid analog containing 3,3-FzGlu [ 1 I] have 
been synthesized (Fig. 1). The effects of these analogs as 
growth factors for cells, their ability to participate in pro- 

* The designations L- and DL- refer to the chirality of the cY-carbon of the 
free amino acid (e.g., L-Glu refers to L-glutamic acid) or of the amino acid 
residue incorporated into a folate/antifolate structure [e.g. L-PteGlu refers 
to Pte (L-Glu)]. The designations erythro and three refer to the relative 
stereochemistry of the u and y positions in the free amino acid (e.g., 
L-threw4-fluoroglutamate is (2S,4S)-4-fluoroglutamate [7]) or of the amino 
acid residue incorporated into a folate/antifolate structure (e.g. L-threw-y- 
PteFGlu refers to Pte [2S,4S)-4-FGlu]; [a]). 
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DL-e,l-FLV R2-4-FGlu 

L-t-FLV R2-4-FGlu 

MTX R3-Glu 

L-~-~-FMTX R3-4-FGlu 

FIG. 1. Structures of folk acid (PteGlu), leucovorin (LV), 
methotrexate (MTX), and their fluorinated analogs. 

tection and “rescue” from MTX toxicity, and potentiation 
of growth inhibitory potency of 5FUdR have been evalu- 
ated. In addition, stereochemically pure L-t-y-FMTX [9], a 
poorly polyglutamylatable MTX analog, has been charac- 
terized with respect to its growth inhibitory potency and its 
ability to be protected by LV. 

MATERIALS AND METHODS 
Materials 

MTX and (6R.S) r and (6s) -LV were gifts of Immunex (Se- 
attle, WA) and Glaxo Wellcome (Research Triangle Park, 
NC), respectively. Pteridine solutions were standardized us- 
ing extinction coefficients for MTX or appropriate folate 
[14]. 2-Mercaptoethanol was from Eastman Kodak (Roch- 
ester, NY). 5-FUdR was from Sigma (St. Louis, MO). Com- 
mon chemicals were reagent grade or higher. 

Synthesis of Folic Acid and MTX Analogs 

DL-e, t-y-PteFGlu, L-t-y-PteFGlu, DL-PP,-PteF,Glu, and L+ 

y-FMTX were synthesized, purified, and chemically char- 
acterized as described [9, II]. 

Synthesis of (6RS) -L-t-y-FLV 

The general method of Moran and Coleman [15] was used. 
To a solution of L-t-y-PteFGlu (64 mg; 0.139 mmol) in 
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water (10 mL) was added NaBH4 (65 mg; 1.71 mmol); after 
stirring at room temperature for 16 hr, additional NaBH, 
(25 mg) was added, and the solution was stirred for 2 hr. 
2-Mercaptoethanol (50 p-L) was added, and the pH was 
lowered to 6.0 with dilute HCl; an additional 50 p-L of 
2-mercaptoethanol was then added. Formic acid (0.77 mL; 
15.9 mmol) was added to the solution, which lowered the 
pH to 2. Dilute NaOH was used to raise the pH to 3.8 and 
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (41 mg; 
0.21 mmol) was added to the solution. The mixture was 
stirred at room temperature for 30 min and then evaporated 
to dryness. The resulting solid was purified by DEAE- 
cellulose chromatography (20 g Whatman DE-53; gradient 
from 0.3-1.0 M ammonium acetate, pH 7.0). Fractions 
containing pure (6RS)+t-y-FLV were identified by their 
UV spectra, pooled, and lyophilized to yield the acetate salt 
(0.011 mmol; 8%). ‘H NMR (360 MHz, D,O) (2 rotamers) 
6 8.41 and 7.7 (2s 1 H), 7.41 and 7.43 (d, 2 H), 6.46 and 
6.50 (d, 2 H), 4.42 (m, 1 H), 3.41-2.88 (m, 6 H), 2.29-2.12 
(m, 2 H), 1.8 (s, acetate); 13C NMR (90.5 MHz, D,O) 6 
177.1, 176.9, 170.1, 164.5 and 162.5, 158.6, 153.5, 152.7, 
151.5 and 151.3, 129.2 (2C), 120.8 and 121.0, 112.3 and 
112.1 (2C), 89.2, 88.6 (d, J = 246.6 Hz), 51.2, 49.4, 42.9 
and 43.3, 41.6 and 41.8, 34.8 (d, J = 20.3 Hz); 19F NMR 
(470 MHz, D,O) -106.3 (bm); MS (FAB-, triethanol- 
amine) for Cz0H,,FN70, m/z (relative intensity) 490 ((M- 
H)), 70); (FAB’, dithiothreitol/dithioerythritol) m/z (rela- 
tive intensity) 492 ((M + H)‘, 49.3); HRMS (FAB’, di- 
thiothreitol/dithioerythritol) for C,,H,,FN,O, (M + H)’ 
calcd 492.1643, found 492.1662. 

Synthesis of (6S)-DL-e, t-y-FLV 

DL-e,t-y-PteFGlu (268 p.mol in 15 mL H,O) was added to 
58.7 mL water mixed with 6.7 mL of 10% (w/v) Na,CO, 
and 53.6 mL of 20% (w/v) sodium-ascorbate, pH 6.0 [16]. 
After mixing at room temperature (final pH = 9.78), 2.68 
g of Na,O& was added and mixed for 5 min. The solution 
(final pH = 8.84) was cooled to 0” and DL-e,t-y-HzPteFGlu 
was precipitated by slow (40 min) addition of 5 N HCl to 
pH 1.9. Twenty minutes after the last addition, the solution 
was centrifuged (1900 g, 10 min, 4”), and the pellet was 
washed with 3 x 90 mL of iced 10 mN HCl to yield 215 
p-mol (80% yield) DL-e, t-y-H*PteFGlu. UV-visible spectra 
of this material at pH 1 and 13 matched those of dihydro- 
folate. DL-e, t-y-H,PteFGlu was converted to (6R)- lo- 
HCG-DL-e, t-y-H4PteFGlu by coupled dihydrofolate reduc- 
tase and lo-formyl-tetrahydrofolate synthetase activities. 
The final reaction mixture (500 mL; 37”) contained 430 
p-M DL-e,t-y-H*PteFGlu, 25 mM Tris-HCl (pH 7.0), 1 mM 
ATP, 10 mM MgCl,, 25 mM potassium-formate, 50 mM 
2-mercaptoethanol, 16 IU Lactobucillus cusei dihydrofolate 
reductase (Biopure, Boston, MA), 100 IU of Clostridium 
acidi-urici lo-formyl-tetrahydrofolate synthetase ([17]; a gift 
of Dr. J. C. Rabinowitz, University of California, Berkeley) 
and an NADPH-regenerating system [SO0 units of glucose- 
6-phosphate dehydrogenase (Torula yeast, type XII; 

Sigma), 0.4 mM glucose-6-phosphate (Sigma), and 25 p-M 
NADPH (Boehringer-M annheim, Indianapolis, IN)]. 
Components were degassed prior to mixing and bubbled 
with N, prior to addition of enzymes; after addition of 
enzymes the mixture was incubated at 37”, protected from 
light. Formation of (6R)- lo-HCO-Dt_-e, t-y-H,PteFGlu was 
followed by acidification of aliquots and measuring absor- 
bance at 350 nm after 310 min to determine the concen- 
tration of 5,10-methenyl species [17]; appropriate reactions 
lacking enzymes were used as control. After ~60 min, the 
reaction reached completion (109 pmol; 55% yield). Pro- 
tein, which interfered with subsequent chromatography, 
was removed by ultrafiltration at 4” (Amicon PM-30, Bev- 
erly, MA). The ultrafiltrate was applied at 4” to a DEAE- 
cellulose column (2 x 40 cm; DE-23, Whatman, Inc., 
Clifton, NJ) equilibrated with 50 mM ammonium acetate, 
pH 8.0, containing 50 mM 2-mercaptoethanol (redistilled 
to remove nonlyophilizable contaminants). After sample 
application, the column was washed with 150 mL of equili- 
bration buffer; then a gradient (750 mL total volume) from 
50-250 mM ammonium acetate, pH 8.0, containing 50 
mM redistilled 2-mercaptoethanol was developed, followed 
by a 500-mL wash with 250 mM buffer [17]. Spectra (230- 
370 nm) of fractions and the absorbance at 350 nm of 
acidified (above) 25-p-L samples showed that (6R)-lo- 
HCO-DL-e, t-y-H,PteFGlu eluted at the end of the gradi- 
ent; HPLC analysis indicated contamination with ADP 
and ATP, but not with NADP(H). The pooled material 
(103 p-mol) was lyophilized. During lyophilization, the pH 
decreased and the product was converted to its more stable 
5,10-methenyl form. This dried material was dissolved in 50 
mM 2-mercaptoethanol (redistilled) and relyophilized. The 
final yellow powder was dissolved at 10 mM in 1% (w/v) 
sodium-ascorbate, and the solution was adjusted to pH 7.0 
with 1 N NaOH. The sample was then autoclaved (120”, 
15 psi) for 30 min followed by a 20-min slow exhaust. After 
clarification by centrifugation (1900 g, 10 min, 4”), the 
sample was loaded at 4” onto a DEAE-cellulose column (2 
x 40 cm; DE-23) equilibrated with 125 mM ammonium 
acetate, pH 8.0 (no 2-mercaptoethanol). The column was 
eluted successively with 125 mM ammonium acetate (300 
mL), a linear gradient from 125-500 mM ammonium ac- 
etate, pH 8.0 (500 mL total volume), and 500 mM ammo- 
nium acetate, pH 8.0 (250 mL). Fractions containing (6S)- 
r&-e, t-y-FLV (identified by its UV spectrum) eluted at the 
start of the 500 mM wash, well separated from ascorbate 
and adenine nucleotides. Fractions were pooled and lyoph- 
ilized to yield a whitish powder (60 ymol). Absorption 
spectra of the final material at pH 7 and 1 were identical to 
those published for LV and identical to those of an authen- 
tic sample of LV synthesized by the same procedure. Acidi- 
fication of a pH 7 solution of (6S)-DL-e,t-y-FLV led to the 
acid spectrum over a 60- to 90-min interval; overlapping 
spectra taken from O-90 min showed sharp isosbestic points 
at 258 and 317 nm. The time-course and isosbestic points 
are typical for acidficiation of pure LV. HPLC analysis 
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showed that the final material is >98.8% pure and contains 
~0.06% LV (limit of detection). 

Analytical HPLC was performed on a Rainin Instruments 
HPLC system using the Dynamax controller and data cap- 
ture module run on a Macintosh computer [18]. Eluant was 
monitored at 280 and 254 nm. Anion-exchange HPLC was 
performed on an Ultrasil AX column (0.4 x 25 cm; Beck- 
man) at 45” eluted isocratically at 0.8 mL/min with 35-85 
mM sodium-phosphate, pH 3.3; the concentration required 
to obtain a constant elution time (7.5 min) for MTX de- 
pended on column age. Each analog was >98% pure based 
on the area detected in HPLC. 

Cell Lines 

Human T-lymphoblastic leukemia cell line CCRF-CEM 
[19] and subline R30dm [20] were cultured as described [20]. 
R30dm is resistant to intermittent MTX exposure as a result 
of decreased MTX polyglutamylation; R30dm has 1% of the 
FPGS specific activity (measured with MTX) of CCRF- 
CEM. The H35 rat hepatoma cell line was cultured as 
described [lo]. Folate-depleted H35 cells were produced by 
growth of H35 in folate-free Swim’s medium containing 
10% undialyzed fetal bovine serum for 1 week prior to use. 
Using the GenProbe test kit, all cell lines were negative for 
Mycoplasma contamination. 

Promotion or Inhibition of Qrowth of Cell Lines In Vitro 

Growth promotion of folate-depleted H35 cells was assayed 
by adding folates or analogs to folate-free Swim’s medium 
containing 10% undialyzed fetal bovine serum and measur- 
ing growth after 72 hr. G,, or EC,, values were determined 
from plots of percent control growth versus the logarithm of 
drug concentration. 

Growth inhibition of H35 cells in continuous (48 hr) 
and intermittent drug exposures was measured as described 
[lo]. Growth inhibition of CCRF-CEM and R30dm in con- 
tinuous (120 hr) and intermittent drug exposures was mea- 
sured as described [20]. When 24-hr drug exposure of 
CCRF-CEM was used, drug was present from 0 to 24 hr. 
Then cells were centrifuged (5 min, 1000 g, ambient tem- 
perature), and the medium (5 mL) was aspirated and re- 
placed with an equal volume of RPM1 1640 medium (37”). 
After re-centrifugation and aspiration of medium, cells 
were resuspended in 5 mL complete medium and incubated 
for the remainder of the 120-hr growth period. The wash 
was estimated to lower the drug concentration >625-fold 
to a level at which it had no effect during the remaining 
growth period. 

Protection against growth inhibition was assayed by si- 
multaneously adding LV or its fluorinated analogs [e.g. 
(6.?)-C&-e, t-y-FLV] with an MTX concentration previously 

shown to inhibit growth 80-97%; the remainder of the 
assay was as described above. 

To assess “rescue” of MTX-induced growth inhibition, 
H35 cells were subcultured and, after 24 hr when logarith- 
mic growth was re-established, the cells were exposed for 2 
or 24 hr to MTX at concentrations previously shown to 
inhibit growth by 50 or 90%, respectively. After drug ex- 
posure, cells were washed three times with PBS, and me- 
dium containing LV (0.1 to 20 PM) or (6S)-DL-e,t-y-FLV 
(l-200 FM) was added. Cell growth was measured 48 hr 
after the end of the drug exposure as described above. 

En-es 

TS was partially purified from CCRF-CEM cells and as- 
sayed as described [21]. 

RESULTS 

FIuorinated Folate Analogs as C$-owth 
Factors for Folate-Depleted H35 Rat Hepatuma Cells 

The ability of fluorinated folate analogs to replace folates as 
growth factors was assessed in short-term folate-depleted 
H35 cells. PteGlu supported half-maximal growth at 95 
nM, while 400 nM was required for maximal growth (Table 
1). LV, a reduced folate, was =30-fold more potent than 
PteGlu as a growth factor in this system, with a similarly 
shaped concentration-response curve (not shown). Each 
fluorinated folate analog also supported maximal growth 
of H35 cells (Table 1). The shapes of their concentra- 
tion-response curves were essentially identical to those of 
PteGlu and LV (not shown); however the G,, depended 
on the position of fluorine substitution and also on the 
oxidation state of the pyrazine ring. The G,, and G,, 
for DL-e,t-y-PteFGlu were 17- to 27-fold higher than for 
PteGlu; for DL-P,P-PteF,Glu both values were similar to 
those of PteGlu. The fluorinated analog of LV, (6S)-DL-e,t- 
y-FLV, was lOO-fold more potent than DL-e,t-y-PteFGlu, 
but was still lo-fold less potent than LV itself. The LV 

Table 1. Influence of folates and fluorofolates on the growth 
of folate-depleted (short-term) H35 rat hepatoma cells 

Folate added Go (nM) GO (nW 

PteGlu 95 2 11 398 + 29 
DL-e,t-y-PteFGlu 2550 k310 6805 k 800 
(6S)-LV 3.0 + 0.4 10.2 T 0.8 
(6S)-DL-e,t-y-FLV 24.5 f 3.1 78 f 6.8 
(6RS)-L-t-y-FLV 41.8 k 5.4 129 f 14 
DL-P,P-PteF,Glu 63 + 8 470 + 50 

H35 cells were depleted of folates by growth in folate-free Swim’s medium containmg 

10% undialyzed fetal bovine serum for 1 week. Cells were inoculated at 1 x lo4 

cells/ZOO ~L/well m 96-well plates m medium conrainmg the indicated levels of f&c 

acid or analog and counted 72 hr later. G,, and G,, are the concentratmns required 

to support 50 or 90 % of maximal growth (i.e. growth at 4 pM PteGlu), respectively. 

Values are means * SD (N = 6). Values are not corrected for the low level (11.15%) 

of growth in the absence of any addition. Concentrations hsted represenr the total for 

all isomers present in the sample; as discussed in the text, the o-enantiomers are 

probably mactwe. 
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analog containing 3,3-F,Glu is now being synthesized for 
separate study. 

Between 2 and 25 p,M DL-P,P-PteF,Glu, growth inhibi- 
tion occurred (Fig. 2), whereas no inhibition was seen with 
PteGlu at 625 FM (Fig. 2; data for 4-25 p,M from separate 
experiments are not shown). Growth inhibition (92% in- 
hibition at 25 FM) was completely protected against by the 
simultaneous presence of 0.1-10 PM (6S)-LV; partial pro- 
tection occurred at as low as l-2 nM (6S)-LV. The com- 
bination of thymidine (20 FM) and hypoxanthine (50 PM) 
also completely protected, but only partial protection was 
afforded by either agent alone. PteGlu at 50 PM protected 
only to a minor extent. 

Protection j&n MTX-Induced @owth inhibition 

Folate-replete H35 cells that are inhibited by MTX (91% 
inhibition at 50 nM) were partially protected (50% growth 
inhibition) by 0.03 PM (6S)-LV, but a similar degree of 
protection required 1.1 FM (6S)-DL-e,t-y-FLV; both com- 
pounds provided full protection at higher concentrations. 
At an MTX concentration that inhibited growth by 50%, a 
comparable difference in potency of (6S)-LV and (6S)-DL- 
e,t-y-FLV was noted. Similar protection data were obtained 
in H35 cells with (6RS)-L-t-y-FLV (not shown) and with 
both (6S)-DL-e,t-y-FLV and (6RS)-L-t-y-FLV in CCRF- 
CEM cells (not shown). 

100 - 

FIG. 2. Concentration-dependent effects of PteGlu and DL- 

P,@PteF,Glu on folate-depleted H35 rat hepatoma cells. 
H35 cells were depleted of folates for 1 week as described in 
Materials and Methods. Cells were then subcultured in 96. 
well plates at 5 x lo3 cells1200 &/well in folate-free medium 
without supplement (A; on left axis) or supplemented with 
either PteGlu (0) or DL-P,P-PteF,Glu (0), and cell growth 
was evaluated after 72 hr. Values are means * SD (N = 6). 
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FIG. 3. “Rescue” by (6S)eLV or (6S)-DL-e,t-y-FLV of H35 
cell growth inhibition following a 2. or 24.hr exposure to 
MTX. H35 cells were subcultured in 96.well plates at 5 x 
lo3 cells1200 pL/well, grown for 24 hr, and then exposed to 
either 10 pM MTX for 2 hr or to 0.2 pM MTX for 24 hr (an 
MTX concentration giving =90% growth inhibition at each 
exposure time). After the exposure, cells were washed twice 
to remove extracellular MTX, and growth was quantitated 
after 48 hr in the absence (A, A; 2. and 24.hr MTX, respec- 
tively; on left axis) or presence of the indicated concentra- 
tion of (6s).LV (0, 0; 2. and 24-hr MTX, respectively) or 
(6S)-DL-e,t-y-FLV (m, q ; 2. and 24.hr MTX, respectively). 
Values are means * SD (N = 6). 

“Rescue” from MTX-Induced C$-owth Inhibition 

After cells are exposed to MTX and drug is removed, LV 
may reverse the growth inhibition (“rescue”; [4]). Folate- 
replete H35 cells were exposed to MTX for either 2 or 24 
hr, the drug was removed, and (6S)-LV or (6S)-DL-e,t-y- 
FLV was present during the ensuing 48-hr growth period 
(Fig. 3). After a 2-hr MTX exposure, both agents com- 
pletely rescued cells from MTX-induced growth inhibition; 
rescue to 50% growth inhibition from the control value of 
87% growth inhibition required 0.19 p,M (6S)-LV, but 11 
FM (6S)-DL-e,t-y-FLV. After a 24-hr exposure at an MTX 
concentration that achieved about the same degree of 
growth inhibition, neither (6S)-LV nor (6S)-DL-e, t-y-FLV 
rescued cells (Fig. 3). 

Enhancement of 5FUdR Potency 

PteGlu and LV can enhance the potency of 5-FUdR as a 
cell growth inhibitor [6, 221; however, higher concentra- 
tions of PteGlu are required. The abilities of PteGlu and 
DL-e,t-y-PteFGlu to potentiate growth inhibition of CCRF- 
CEM cells by 5-FUdR in continuous exposure were com- 
pared (Fig. 4). At high concentrations, PteGlu achieved 
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FIG. 4. Potentiation by PteGlu or DL-e,t-y-PteFGlu of the 
potency of S-FUdR as a growth inhibitor of CCRF-CEM cells 
during continuous exposure. The Et&, for inhibition of 
CCRF-CEM growth by 5.FUdR was determined as described 
in Materials and Methods in the absence of any addition to 
the medium (O), the presence of 20 pM (GRS)-LV (H), or 
the presence of the indicated concentration of PteGlu (0) 
or DL-e,t-r-PteFGlu (A). The concentration of rx.-e&y- 
PteFGlu is given as the active L-e,t-isomers only. 

the same degree of potentiation as that achievable by 20 
FM (BRS)-LV, an optimal concentration [6]. DL-e,t-y- 

PteFGlu was able to potentiate to the same degree as 
PteGlu, but higher concentrations were required; 20 FM 
(bS)-DL-e,t-y-FLV could also fully potentiate (see below). 
Note that DL-e,t-y-PteFGlu contained ~0.2% PteGlu (limit 
of HPLC detection); thus, contamination cannot account 
for these results. The FPGS-deficient CCRF-CEM subline 
R3Odm is slightly less sensitive to 5-FUdR in the absence 
of modulation [6]. The potency of continuous exposure 
of 5FUdR against R30dm could also be potentiated by 
PteGlu (Fig. 5; [6]); however, DL-e,t-y-PteFGlu could not 
potentiate the effects of 5-FUdR in this cell line. The latter 
result also reinforces the conclusion that the effects seen 
with CCRF-CEM (Fig. 4) cannot result from PteGlu con- 
tamination since in that case the response to DL-e,t-y- 

PteFGlu should be the same in both cell lines. 
The effect of drug exposure time was studied by exposing 

CCRF-CEM cells to 5-FUdR in the absence or presence of 
PteGlu or DL-e,t-y-PteFGlu during only the first 24 hr of 
growth, after which both agents were removed and growth 
was continued in their absence for the remainder of the 
120-hr growth period. Whether exposure time was for 120 
hr (EC50 = 1.35 nM) or 24 hr (Ec$, = 1.2 nM), there was no 
difference in the potency of 5-FUdR alone. The concen- 
tration-dependence of PteGlu enhancement of 5-FUdR po- 
tency (not shown) was similar to that seen when both were 
present continuously (Fig. 4). The concentration-depen- 
dence of potentiation by DL-e,t-y-PteFGlu was also similar 
to that during continuous exposure; however, full potentia- 
tion was not reached even at 10m4 M. Since the EC50 was 

still decreasing at 10m4 M DL-e,t-y-PteFGlu and was near 
maximum potentiation, higher concentrations of DL-e,t-y- 

PteFGlu may be required at the 24-hr exposure time. 
The abilities of the reduced folates (6RS)-LV and (6S)- 

DL-e, t-y-FLV to enhance 5-FUdR potency were also as- 
sessed (data not shown). In CCRF-CEM cells, maximum 
potentiation occurred at 21 FM (6RS)-LV, with potentia- 
tion increasing most dramatically between 0.01 and 0.1 FM 
(data not shown and [6]). Potentiation by (6S)-DL-e,t-y- 
FLV increased gradually over the range 0.2 to 20 PM. At 20 
FM (6s).DL-e,t-y-FLV, potentiation was essentially the 
same as that achieved with 20 FM (6RS)-LV; however, at 
concentrations giving half-maximal potentiation, (6S)-DL- 
e,t-y-FLV was =22-fold less effective than (6RS)-LV. The 
effect of (6RS)-L-t-y-FLV paralleled that of (6S)-DL-e, t-y- 
FLV. In one experiment with the FPGS-deficient subline 
R30dm, (6S)-LV enhanced 5-FUdR potency (as seen pre- 
viously [6]), with maximum potentiation observed at 1 p,M 
(6RS)-LV. In contrast, at concentrations up to 20 FM (6S)- 
DL-e,t-y-FLV or 20 FM (6RS)-L-t-y-FLV, a much smaller 
degree of potentiation was observed. 

L-threo-FMTX Effects 
on Cell Growth and Protection by LV 

L-t-y-FMTX is a potent DHFR inhibitor (Table 2; [9], but 
is not a substrate for polyglutamylation [9]. Substitution by 
4-FGlu in MTX did not appreciably enhance TS inhibition 
(Table 2), and thus DHFR remains the primary target of 
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FIG. 5. Potentiation by PteGlu or DL-e,t-y-PteFGlu of the 
potency of S-FUdR as a growth inhibitor of R30dm cells 
during continuous exposure. The ECsO for inhibition of 
R30dm growth by 5.FUdR was determined as described in 
Materials and Methods in the absence of any addition to the 
medium ( l ), the presence of 20 JAM (GRS)-LV ( W), or the 
presence of the indicated concentration of PteGlu (0) or 
rx-e,t-y-PteFGlu (A). The concentration of DL-e,t--y- 
PteFGlu is given as the active L-e,t-isomers only. 
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Table 2. Inhibition of growth of CCRF-CEM cells by L-MTX, 
DL-MTX, L-t-y-FMTX, and DL-G-f- FMTX 

Drug 

Growth DHFR TS inhibition 
inhibition inhibition* 
EG.0 WW I$o Wf) Kis (PM) KG (PM) 

L-MTX 14 +_ 0 0.72 k 0.07 58 f 27 72 k 12 
no-MTX 30+ 0 1.18 + 0.08 NW ND 

L-t-y-FMTX 102 + 23 0.84 + 0.10 ND m-t-y-FMTX 133 + 12 1.35 * 0.05 50 * 13 49:: 
DL-e-y-FMTX 743 l.OJ: 42 k 10 32 +_ 7 

The drug concentration required to Inhibit growth of CCRF-CEM cells by 50% 

during continuous exposure for 120 h r was determined as described in Materials and 

Methods. Values are means ? SD for N = 3. 

* Data from Hart et al. [9]. 

t ND = not determmed. 

$ Data from McGu~re et al. [S]. 

these analogs. In continuous exposure, L-t-r-FMTX was 
7-fold less potent than MTX as an inhibitor of CCRF-CEM 
growth (Table 2). At concentrations of L-MTX, DL-MTX, 
DL-e,t-y-FMTX, or L-t-y-FMTX that were equally growth 
inhibitory, protection by (6RS)-LV was afforded with the 
same concentration-dependence for each drug; at an EC&, 
10 nM LV was minimally protective, while 50 nM was fully 
protective in all cases (data not shown). 

DISCUSSION 

Initial biological studies focussed on the ability of y-fluori- 
nated analogs of PteGlu or LV to replace PteGlu or LV as 
growth factors for folate-depleted H35 cells. The PteGlu 
analog DL-e,t-y-PteFGlu, which is poorly polyglutamylated 
[9], supported optimal cell growth, although it was 17- to 
25-fold less potent than PteGlu itself (Table 1). Since the 
D-enantiomers are probably inactive [23-251, the potency 
difference may only be 8- to 12-fold. Two observations 
concerning metabolism of DL-e, t-y-PteFGlu are relevant to 
interpreting these data. First, the L-enantiomers of DL-e,t- 
y-PteFGlu and its reduced cofactor forms are probably con- 
verted to polyglutamates intracellularly, albeit at dramati- 
cally reduced rates relative to the ptotio congenets. This 
premise is based on data obtained with purified FPGS (91 
and our studies [8] showing limited polyglutamylation of 
the 4-FGlu-containing MTX analog (studies with radiola- 
beled DL-e, t-y-PteFGlu are obviously required to confirm 
this premise). Second, although DL-e,t-y-PteFGlu has not 
been studied biochemically with respect to every reaction 
of folate metabolism, its dihydro form is an excellent sub- 
strate for CCRF-CEM human dihydtofolate reductase [9]. 
Since other reactions of folate metabolism also occur at the 
pterin heterocycle, the enzymes catalyzing these reactions 
generally utilize analogs of folic acid containing amino ac- 
ids closely homologous to glutamate quite efficiently (e.g., 
Refs. 26-28). Since substitution of 4-FGlu for Glu is pat- 
titularly conservative, it might be expected that folate ana- 
logs containing 4-FGlu would be utilized with high effi- 
ciency. Thus, if 4-FGlu substitution decreases only polyglu- 

tamylation and does not affect other reactions of folate 
metabolism, our data would indicate that, although poly- 
glutamylation may be essential [3], it is not rate-limiting 
to growth. (6S)-LV was about 30-fold more potent than 
PteGlu in promoting growth (Table 1). Presumably, this 
difference reflects the facts that LV, a reduced folate, is 
more efficiently transported than is PteGlu [29], and that 
LV contains a readily utilizable one-carbon unit, whereas 
PteGlu must first be reduced and a one-carbon unit added 
before it is useful in folate-dependent reactions. Compared 
with DL-e,t-y-PteFGlu, both ?/-FLV species also showed a 
dramatic increase in growth-promoting potency (Table 1); 
the y-FLV were still less potent than LV, however. (6RS)- 
L-t-y-FLV was the least potent, which may reflect the lower 
FPGS substrate activity of the three diastereomet [9]. 

DL-P,P-PteF,Glu was 2- to 3-fold more potent than 
PteGlu as a growth promoter of folate-depleted H35 cells, 
when compared on the basis of active L-isomers (Table 1, 
Fig. 2). Its increased potency may result from more ready 
transport of L-P,P-PteF,Glu than PteGlu [ll] and/or that 
its reduced cofactor forms are mote efficient than their 
ptotio congeners as substrates for folate-dependent en- 
zymes, especially for polyglutamylation [l 11. However, 
since as fat as is known F,Glu-containing species can be 
converted only to diglutamates [ll], these results suggest 
that the essential functions of folylpolyglutamates can be 
fulfilled by diglutamates, at least in this model system. Data 
showing that triglutamates ate sufficient for optimal growth 
has been obtained by Shane and co-workers [30]. These 
growth promotion data suggest that cofactor forms of p,p- 
PteF,Glu are readily utilized in all reactions of folate me- 
tabolism; this is an important conclusion since it is a labo- 
rious task to test the cofactor forms with each enzyme in 
folate metabolism. 

Above 2 FM, DL-P,P-PteF,Glu displayed a decreasing 
ability to support growth of folate-depleted H35 cells, ulti- 
mately leading to inhibition of growth below the unsupple- 
mented level (Fig. 2); this effect was not observed with 
PteGlu. Thus, DL-P,P-PteF,Glu inhibits its own activity. 
One explanation for this effect is that the capacity of di- 
hydrofolate reductase is exceeded, and oxidized p,p- 
PteFzGlu accumulates. P,P-PteF,Glu or its diglutamate 
could either inhibit folate-dependent enzymes directly or, 
by competition, could decrease polyglutamylation of re- 
duced analogs (e.g. DL-P,P-H,PteF,Glu), thereby making 
them less effective in promoting growth. Metabolite pro- 
tection studies are consistent with this hypothesis, but do 
not exclude other explanations. 

As in their effects in growth promotion, y-fluorinated 
analogs of LV were qualitatively similar to LV in their 
ability to protect or “rescue” cells from growth inhibition 
by MTX. However, higher concentrations of (6S)-DL-e,t-y- 
FLV relative to (6S)-LV were requited for protection (37s 
fold) or rescue (58-fold; Fig. 3) than for growth promotion 
(8-fold). This may reflect the fact that, under the stress of 
MTX exposure, the poorly polyglutamylatable analog is less 
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efficiently re-reduced and metabolized to one-carbon ad- 
ducts and, thus, more preformed y-FLV is required. The 
potency of the analog may also be compromised by a further 
decrease in its already low rate of polyglutamylation as a 
result of competition for FPGS by MTX and/or the endog- 
enous folylpolyglutamate pool, both of which are present in 
the folate-replete cells used in these studies. 

3. 

4. 

Growth inhibition of CCRF-CEM cells by continuous 
exposure to 5-FUdR was potentiated by DL-e,t-y-PteFGlu 
(Fig. 4) and (6S)*DL-e, t-y-FLV to the same extent seen 
with PteGlu and LV. As in the studies above, higher con- 
centrations of fluorinated analog relative to its protio con- 
gener were required to achieve the same degree of poten- 
tiation. Since the polyglutamylation-reduced analogs can 
potentiate 5-FUdR to the same extent as do natural folates, 
these data suggest that polyglutamylation is generally not 
limiting for the potentiation. However, with the polyglu- 
tamylation-defective subline R30-dm, 5-FUdR potency was 
not potentiated by DL-e,t-y-PteFGlu, while PteGlu did po- 
tentiate (Fig. 5). This suggests that some level of polyglu- 
tamylation is essential for potentiation, since potentiation 
did not occur when a cell line with very low FPGS activity 
is treated with a poorly polyglutamylatable analog. 

5. 

6. 

Chemistry and Biochemistry of Folares (Eds. Blakley RL and 

Benkovic SJ), Vol. 1, pp. 135-190. Wiley, New York, 1984. 

McBurney MW and Whitmore GF, Isolation and biochemical 

characterization of folate deficient mutants of Chinese ham- 

ster cells. Cell 2: 173-182, 1974. 
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In summary, biological evaluation in a number of test 
systems of -y-fluorinated folate and LV analogs shows that 
their properties are qualitatively similar to their protio con- 
geners. These results are mirrored in the effects of a stereo- 
chemically pure fluorinated MTX analog, ~-t-y-FMTX 
(Table 2), which are similar to those of MTX. The major 
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