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Abstract-The formation, retention and biological activity of the polyglutamate metabolites of the 
thymidylate synthase (TS) inhibitor N’O-propargyl-5,8-dideazafolic acid (CB3717) has been investigated 
in L1210 murine leukaemia cells grown in vifro. CB3717 polyglutamates were measured by HPLC using 
high specific activity 3H-CB3717. Following the exposure of cells to 50 PM CB3717 for 6, 12 and 24 hr 
total cellular radioactivity corresponded to 4.5 2 1.5,6.8 f 3.6 and 5.9 2 3.4 PM drug derived material, 
respectively. Of this material, >70%, 57 f 3% and 51 f 5% was in the form of unchanged CB3717 at 
6, 12 and 24 hr respectively. The remaining radioactivity was associated with polyglutamate metabolites 
of CB3717, predominantly the tetra and pentaglutamate forms. Following the removal of extracellular 
drug after incubation for 24 hr and resuspension in drug free medium, unchanged CB3717 was lost 
rapidly from the ceils such that after 6 hr it accounted for only 5% of total cellular radioactivity. In 
contrast, levels of CB3717 tetra and pentaglutamates declined solely due to dilution during cell division. 
Measurement of the whole cell TS activity by 3H-deoxyuridine incorporation into DNA indicated that, 
despite the loss of unchanged CB3717 from the cell, enzyme activity remained suppressed (<lo% of 
control) for at least 24 hr after resuspension in drug free medium. The TS inhibitory activity of the 
polyglutamated metabolites of CB3717 was investigated using enzyme purified from L1210 cells. As 
inhibitors, the metabolites were 26-, 87-, 119- and 11Cfold more potent than CB3717 as the di-, tri-, 
tetra- and pentaglutamate forms, respectively. However, as inhibitors of dihydrofolate reductase 
prepared from rat liver, CB3717 polyglutamates were no more than 5-fold more potent than the parent 
compound. This study has shown that CB3717 can undergo polyglutamation in tumour cells and that 
the metabolites are preferentially retained giving rise to prolonged TS inhibition. By virtue of their 
potent TS inhibitory activity these metabolites are, therefore, most probably the intracellular effecters 
of CB3717 cytotoxicity. 

It has been recognised for many years that intra- 
cellular folate cofactors exist almost exclusively as 
gamma-polyglutamate derivatives containing up to 
seven glutamic acid residues [l]. Like the physio- 
logical folate cofactors, classical antifolate drugs such 
as methotrexate (MTXS) [2], aminopterin [3], lo- 
deazaaminopterin and lo-ethyl-lo-deazaaminop- 
terin [4] are also metabolised to polyglutamate 
forms. This metabolic pathway has been character- 
ised for MTX in a variety of cell types, both normal 
and neoplastic [5-171. 

The ability of cells to form polyglutamates has 
consequences which can influence the cytotoxic 
action of antifolate drugs. Firstly, polyglutamates 
are preferentially retained following the removal of 
free extracellular drug whilst free MTX is readily lost 
[7, 10, 18-201. These studies indicate that retention is 
a direct function of chain length and that the degree 
of cytotoxicity depends strongly on the ability of the 
antifolate to undergo conversion to polyglutamate 
metabolites [7,10, 19,201. Furthermore, it has also 

* Visiting worker from the Nencki Institute of Exper- 
imental Biology, Warsaw, Poland. 

t To whom reprint requests should be addressed. 
$ Abbreviations used: MTX, methotrexate; CB3717, 

N”‘-propargyl-5,8-dideazafolic acid; TS, thymidylate syn- 
thase; DHFR, dihydrofolate reductase. 

been shown that resistance to MTX can be associated 
with reduced MTX polyglutamate formation [21]. 

The second important feature of antifolate poly- 
glutamation concerns the increased affnity of the 
metabolites for certain folate dependent enzymes 
[5]. For example the addition of glutamate groups 
increases the binding of MTX to TS (EC 2.1.1.45) 
[22,23], 5aminoimidazole carboxamide ribotide 
transformylase (EC 2.1.2.3.) [24], glycinamide ribo- 
nucleotide transformylase (EC 2.1.2.2) [5] and 
methylene tetrahydrofolate reductase (EC 
1.1.99.15) [5]. In contrast, the polyglutamate deriva- 
tives of MTX are no more potent than the parent 
drug as inhibitors of DHFR (EC 1.5.1.3.) [25] 
although the polyglutamates of MTX do dissociate 
less readily from the enzyme [18]. Other classical 
antifolate polyglutamates are also more potent than 
the monoglutamate form as inhibitors of TS [26,27] 
and it has been suggested that as a result of poly- 
glutamation the intracellular locus of action of the 
antifolates may be altered [5], although this remains 
a contentious issue. In addition there is limited evi- 
dence which suggests that polyglutamation may be a 
determinant of the selectivity of antifolates towards 
tumour as opposed to normal tissues [14,28,29], 
although again further studies are required to clarify 
this point. 
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Fig. 1. The structure of CB3717 and its polyglutamate metabolites. 

N10-Propargyl-5,8-dideazafolic acid (CB3717, Fig. 
1) is a novel antifolate drug which has recently 
demonstrated activity in clinical trials [30]. Unlike 
traditional antifolates, the cytotoxicity of CB3717 is 
not mediated by inhibition of DHFR. CB3717 is a 
tight-binding inhibitor of TS, which on the basis of 
currently available evidence, appears to be the sole 
locus for the cytotoxic action of the drug [31-333. 
Recently it has been shown that CB3717 is a substrate 
for purified mammalian folylpolyglutamate synthet- 
ase, the enzyme responsible for the synthesis of both 
folate and antifolate polyglutamates (341. Indeed, 
CB3717 was second only to aminopte~n as a sub- 
strate amongst the group of compounds studied. 
Evidence from in vivo studies indicates that CB3717 
can undergo polyglutamation in normal tissues in 
mice [35,36] and also possibly in Ehrlich ascites 
tumour cells [37]. Studies using either isolated 
enzyme [38] or a whole cell TS assay [39] have 
demonstrated that CB3717 polyglutamates are mark- 
edly more potent as TS inhibitors than the parent 
compound. Thus, on the basis of the above evidence 
it seems highly likely that ~lyglutamation is an 
important determinant of the cytotoxicity and poss- 
ibly selectivity of this new antifolate. 

The experiments reported in the present study 
were performed in order to define in detail the 
formation and retention of the polyglutamate deriva- 
tives of CB3717 in tumour cells. In addition, the 
biochemical consequences of their formation were 
investigated by examining the extent of TS inhibition 
in LX?10 cells following the removal of extracellular 
drug and also by characterising the inhibitory activity 
of these compounds against purified TS and DHFR. 
Certain aspects of this study have been previously 
reported in abstract or preliminary form [40-42]. 

MATERIALS AND METHODS 

The synthesis of the CB3717 polyglutamates used 
in this study (Fig. 1) is described elsewhere f43], as 
is the method for the preparation and purification of 
high specific activity (10.5 Ci/mmole) 3H-CB3717 
(specifically labelled in the 2’ position) and the devel- 
opment of the HPLC assay used in this study [44]. 

CB3717 polyglutamate analysis. CB3717 and its 
polyglutamated derivatives containing two to five 
glutamate residues (Fig. 1) were separated on a 
10 x 0.46 cm Polygosil 5 ,um Cl8 column (Camlab, 
Cambridge, U.K.): Synthetic standards were dis- 
solved in 0.15 M sodium bicarbonate at 20 PM and 
5 $ aliquots analysed. The compounds were sep- 
arated by linear gradient elution from 5: 95 
acetonitrile : 0.1 M sodium acetate, pH 5, running at 
2 ml/min to 16 : 84 acetonitrile : 0.1 M sodium 
acetate, pH 5, over 15 min starting at the time of 
injection of the sample onto the column. An example 
of the separation of synthetic CB3717 polyglutamates 
is given in Fig. 2. Synthetic standards were detected 
by their absorbance at 254 and 280 nm and metab- 
olites present in extracts from tumour cells by frac- 
tion collection (0.5 ml) followed by scintillation 
counting in 10ml Cocktail T scintillant (BDH Ltd, 
Poole, U.K.). Quenching was constant throughout 
the HPLC run and was corrected for by the use of 
3H-hexadecane (Amersham International plc, 
Amersham, U.K.). HPLC separations were per- 
formed on Waters Associates chromatograph 
(Waters Associates, Harrow, U.K.) and scintillation 
counting on an SL30 Intertechnique liquid scin- 
tillation counter (Kontron Ltd., St Albans, Herts, 
U.K.). 

CB3717 polyglutamate formation was investigated 
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Fig. 2. HPLC separation of synthetic CB3717 polyglutamates. Peaks A, B, C and D are the penta, tetra, 
tri and di glutamates of CB3717 and peak E is CB3717 (0.1 pmole of each compound, HPLC conditions 

as described in the text). 

in exponentially growing murine Cl210 leukaemia 
cells. Cells were cultured in 9: I RPMWi4O (con- 
taining 20 mM 4-(2-hydroxyethyl)-l-piperazine- 
ethanesulphonic acid) : donor horse serum (Flow 
Laboratories, Irvine, Scotland, U.K.) with L-glu- 
tamine added to give a final concentration of 2 mM. 
Cell cultures (200 ml) were exposed to SO PM 3H- 
CB3717, diluted to a fin@ specific activity of 
0.15 Ci/mmole, in the presence of 10 PM thyrnidine. 
This concentration of CB3717 is 10 times that 
required to inhibit cell growth by 50% \31] and so 
the thymidine was added to prevent cell death during 
the period of the experiment. The cell concentration 
at the beginning of the experiment was 2 x 105fml 
and cell counts were performed to confirm exponen- 
tial growth during the experiment. 

’ After 6, 12 or 24 hr cells were harvested by cen- 
trifugation (1000 g) at 4” far 5 min and then washed 
twice with 50 ml phosphate buffered saline at 4”. The 
resultant cell pellet was resuspended in 1 ml 0.01 M 
Tris-HCl buffer pH 10 and the cells disrupted by 
sonication for 30 set at 0’. The sonicate was boiled 
for 10 min and stored frozen at -20” for l&24 hr. 
The boiled sonicate was thawed and refrozen, 
thawed again and the precipitated protein removed 
by centrifugation at IOOOg for 25min at 4”. The 
supematant was removed and the pellet resuspended 
in a further 0.5 ml 0.01 M Tris-HC1 buffer pH 10, 
mixed thoroughly and then centrifuged. The pooled 
supematants were lyophiliitd and the residue redis- 
solved in 0.5 ml water. Aliquots (100~~) of the 
extract were analysed by HPLC as described above. 
For each experiment an additional HPLC chro- 
matogram was always performed, where the syn- 

thetic standards were mixed with a sample of cell 
extract in order that polyglutamate retention times 
could be calculated. These varied slightly from the 
retention times (shown in Fig. 2) of the standards 
dissolved in 0.15 M sodium bicarbonate. 

In experiments designed to study the retention of 
CB3717 polyglutamates following the removal of 
extracellu(ar drug, LIZ10 cells were incubated for 
24 hr as described above with 50 PM 3H-CB3717 in 
the presence of 10 PM thymidine. At the end of this 
period cells were harvested by centrifugation for 
5 min at 37” at 1000 g and then washed in complete 
medium, centrifuged again and then resuspended in 
complete fresh medium, containing 10 PM thymi- 
dine, at 2 X lo5 cells/ml. After a further 6 or 24 hr 
incubation the cells were harvested and analysed for 
CB3717 polyglutamates as described above. 

To calculate the cellular levels of radioactivity 
following incubation of cells with 3H-CB3717 an 
aliquot af the cell sonicate (25 @I), corresponding to 
a known number of cells, was digested in OS ml 
NaOH at 40’ overnight, neutralised and counted. 
The total cellular drug derived material con- 
centration was then determined using a cellular water 
value of 0.6 ml/IO9 cells [46]. The concentrations of 
CB3717 and CB3717 polyglutamates were calculated 
from this value and the fraction of the applied radio- 
activity associated with each peak in the HPLC 
radiochromatogram. Recovery of radioactivity was 
270% for all stages of the analysis [441. 

Enzymology. Thymidylate synthase was prepared 
from a CB3717-resistant L.1210 cell Iine that over- 
produces TS 45-fold due to amplification of the TS 
gene [49, SO]. The cells were centrifuged and resus- 
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pended (107/ml) in 0.05 M potassium phosphate 
buffer pH 7.4 containing 3 mM dithiothreitol. After 
sonicatian and preparation of a 50,000 g supematant, 
a 30-70% (NH4)S04 fraction was made, resus- 
pended in half the original volume and dialysed 
overnight against the same buffer but containing 
0.1 mM dUMP. The dialysate was made 20% with 
respect to sucrose and stored at -20”. The TS assay 
was performed as previously described [49] except 
that the stored enzyme was diluted approximately 
1: 50 (in 0.125 M potassium phosphate buffer pH 7.4 
containing 3 mM dithiothreitol) prior to use and 
0.2 ml added to the 0.5 ml reaction mixture. The 
K&parents were determined using the Goldstein 
equation applicable to tight-binding inhibitors (zone 
B inhibition). This equation was fitted to the data by 
a non-linear least squares regression [.Sl]. Di- 
hydrofolate reductase was partially purified from 
rat liver and assayed as previously described [52]. 
Kiapparellts were determined as above. 

6-13H] Deoxyuridine i~co~porat~o~ studies. Ll210 
celfs were incubated with 50 FM CB3717 in the pres- 
ence of 10 .uM thymidine for 24 hr before resus- 
pension and incubation in drug-free medium for 2, 
3, 7 and 24 hr. At these times 6-[3H] deoxyuridine 
(10-15 Ci/mmol, Amersham, Bucks, U.K.) was 
added and the incorporation into acid-precipitable 
material was measured after 20min as previously 
described 1493. 

RESULTS 

Figure 3 shows a representative chromatogram 
depicting the radiochemical analysis of an extract of 
L1210 cells exposed to 50 PM 3H-CB3717 for 24 hr. 
In addition to the parent compound two radioactive 
metabolites were detected. These metabolites co- 
chromatographed with synthetic CB3717 tetra- and 
pentaglutamates (in parallel cell extract-see 
Materials and Methods) and were further identified 
by their ability to inhibit TS, as previously described 
[44]. The total cellular levels of radioactivity and 
CB3717 polyglutamates are shown in Fig. 4 for cells 
exposed to 3H-CB3717 for 6, 12 and 24 hr. In none 
of the extracts was a peak with a retention volume 
equivalent to the diglutamate metabolite of CB3717 
detected (< 1% cellular radioactivity). Furthermore, 
the levels of the triglutamate metabolite did not rise 
to above 5% of the cellular radioactivity. However, 
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Fig. 3. Radiochemical HPLC analysis of an extract of L1210 
cells exposed to 50 PM 3H-CB3717 for 24 hr (extraction 

methods and quantitation as described in the text). 

the tetra and pentaglut3mates of CB3717 were 
readily detected, each accounting for approximately 
20% of the cellular drug derived material at 12 and 
24 hr. In contrast, at 6 hr the levels of the parent 
compound greatly exceeded those of the 
polyglutamates. Although synthetic CB3717 poly- 
glutamates with greater than five glutamate residues 
were not available for these studies, radioactivity 
eluting in the region predicted for such compounds 
(Figs 2 and 3) accounted for no more than 5% of the 
total cellular radioactivity at any time point. Thus 
CB3717 underwent polyglutamation in L1210 
tumour cells although, over the time period studied, 
the levels of these metabolites did not exceed those 
of the parent drug and accumulated only gradually. 

The ability of L1210 cells to retain CB3717 and 
its polyglutamate metabolites was investigated by 
incubating cells with 50 PM 3H-CB3717 for 24 hr and 
then culturing the cells for a further 24 hr in drug 
free medium. As shown in Fig. 5, 6 hr after resus- 
pension in drug free medium levels of unmetabolized 
CB3717 had dropped substantialIy such that they 
represented only 5% of the total cellular radio- 
activity, as opposed to 50% following 24 hr exposure 
to the drug. After 24 hr incubation of the cells in 
drug free medium the levels of free CB3717 had 
dropped even further such that they represented only 
2% of the cellular radioactivity. In contrast to the 
decline in the levels of CB3717, the levels of the 
tetra- and pentaglutamate metabolites declined only 
as a consequence of dilution as the cells replicated. 
At no point in the efflux experiments were the tri- or 
diglutamate metabolites of CB3717 detected (~1% 
cellular radioactivity). Thus CB3717 tetra- and 
penta-polyglutamates are preferentially retained 
within L1210 cells following the removal of free 
extracellular drug. Conversely, unchanged CB3717 
associated with the cell is lost following resuspension 
in drug free medium, a process that is essentially 
complete after 6 hr. 

We measured the incorporation of 6-[3H] deoxy- 
uridine into the acid-precipitable material of Ll210 
cells which had been incubated for 24 hr with CB3717 
(5OpM) plus thymidine and then resuspended in 
drug-free medium. Deoxyuridine incorporation was 
suppressed (<lo% of control) both immediately 
after the incubation and even after the 24-hr period 
in drug-free medium. Cells were resuspended either 
in drug-free medium containing thymidine to permit 
growth or medium without additional thymidine. In 
the latter case the cells did not grow and in neither 
case was there any recovery of deoxyuridine 
incorporation. 

The synthetic CB3717 polyglutamates were tested 
against isolated TS and DHFR. Inhibition of L1210 
TS was markedly increased (26- and 87-fold) with 
the addition of one and two additional glutamates. 
However, further polyglutamation led to little extra 
increase in TS inhibition. The tightness of the inhi- 
bition of the ~lyglutamates made determination of 
the mode of inhibition very difficult, and therefore 
Table 1 gives the Kiapparents only. However, if it is 
assumed that the inhibition remains competitive 
upon polyglutamation then the Ki values for tetra- 
and pentaglutamates are 0.032 and 0.034 nM respect- 
ively (CB3717 in the same experiment was 3.86 nM). 
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Fig. 4. Total drug derived material, CB3717 and CB3717 polyglutamate levels in L1210 cells following 
incubation with 50 PM 3H-CB3717 for 6, 12 and 24 hr (values are the mean of duplicate experiments 

(6 hr) or the mean and standard deviation of 3-6 experiments (12 and 24 hr)). 

The polyglutamates of CB3717 were also tested 
against rat liver DHFR and although a small increase 
in inhibition was apparent (3- to 5fold, Table 1) 
when compared with CB3717 itself the length of 
the polyglutamate chain was not a determinant of 
inhibition. The mode of inhibition was determined 
for CB3717 and its pentaglutamate form and found 
to be competitive with respect to FHr. 

DISCUSSION 

The work described in this paper represents the 
first detailed study of the formation of the poly- 
glutamate metabolites of the TS inhibitor CB3717 in 
tumour cells. As shown herein, CB3717 does indeed 
undergo conversion to polyglutamate metabolites in 
tumour cells. After 24 hr exposure to 50 PM CB3717 
these metabolites comprised approximately 50% of 
the total cellular radioactivity (Fig. 4). The formation 
of the polyglutamate metabolites was not rapid in 
that levels following incubation with the drug for 6 hr 
did not exceed 10% of the total cellular radioactivity 
(Fig. 4). Subsequent to 6 hr, the levels of metabolites 
rose to 50% of the drug derived material at 12 hr 
and did not increase further despite an additional 
12 hr of incubation. 

With respect to the kinetics of polyglutamation, 
CB3717 does appear to differ from other classical 
antifolates. Thus with MTX, aminopterin and the 
lo-deazaaminopterins, polyglutamates account for 
over 50% of the cellular drug derived material within 
4 hr of exposure in most of the cell lines studied 
[3,6, 9-111 including L1210 cells [lo, 121. However, 
the analysis of free cellular drug levels must be 
interpreted with caution since it is possible that a 
fraction of the unmetabolized drug is associated with 
the cell membrane and cannot strictly be considered 
to be intracellular drug. In the present study the 
washing procedure employed was sufficient to 
exclude contamination with residual medium; how- 
ever, the possibility that drug was bound to the cell 
membrane cannot be excluded. Subcellular distri- 
bution studies would be required to answer this 
question. 

For classical antifolates it is now well established 
that polyglutamation results in the formation of 
species which do not efflux from the cell as readily 
as the parent compound [3,6,7,10,18,19]. Indeed, 
polyglutamate derivatives, particularly those with 
more than three glutamate residues, may not efflux 
at all [3,6,7,10,18,19] although this property does 
depend upon the cell line studied. As a consequence 

Time in Drug Free Medium (Hours) 

•n Total 3H 
oc 83717 

BE3717 tetroglutomate 

83717 pentaglutaMte 

Fig. 5. Total drug derived material, CB3717 and CB3717 polyglutamates in L1210 cells following 
incubation with 50 PM 3H-CB3717 for 24 hr and then resuspension in drug free medium for either 6 or 
24 hr (values are the mean of duplicate experiments and are corrected for cell replication during the 

period of the exberiment). 
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Table 1. Inhibition of thymidylate synthase and dihydrofolate reductase by CB3717 and its polyglutamates 

L1210* TS KiaPP Fold increase Rat liver DHFR Fold increase 
2 SE (nM) in TS inhibition Ki_F k SE (nM) in DHFR inhibition 

CB3717 26.22 + 2.23$ - 74.5 f 10 - 
CB3717 diglu 1.00 + 0.06 26 21.5 f 2.3 3.5 
CB3717 triglu 0.30 2 0.02 87 26.5 +- 3.5 2.8 
CB3717 tetraglu 0.22 f 0.01 119 14.6 % 2.9 5.1 
CB3717 pentaglu 0.23 f O.Ol§ 114 21.2 ? 1.6 3.5 

* [?5,10XH,FH,] = 2OOpM. Incubation = 1 hr at 37”. Model for calculation of Ki., is the Goldstein equation for 
Zone B inhibition. 

t Ki calculated using the competitive inhibition equation where Ki = Ki,,,/l + (S/K,). 
$ Ki = 3.86 nM (competitive inhibition). 
§ Ki = 0.034 nM (assuming competitive inhibition). 

of their prolonged retention, antifolate polyglu- 
tamates can give rise to continued inhibition of folate 
dependent enzyme even in the absence of extra- 
cellular drug [7-9,201. In the present study similar 
results were obtained for CB3717 in that free drug 
was readily lost from the cell on resuspension in drug 
free medium whilst the polyglutamate metabolites 
were retained (Fig. 5). It is difficult to comment on 
the efflux or retention of the di- and triglutamates of 
CB3717 as these metabolites were not detected in 
significant amounts at any of the time points studied. 

With regard to the biochemical consequences of 
CB3717 polyglutamation, during the 24 hr period 
following extracellular drug removal, cellular TS 
activity remained suppressed. Taken together with 
the data from the efflux experiment (Fig. 5), these 
two results strongly suggest that the inhibition of TS 
during the period of culture in drug free medium is 
solely due to the polyglutamate metabolites. To what 
exent this is also the case during culture in the 
presence of drug was not a question specifically 
addressed in this study. However, the considerable 
potency of CB3717 polyglutamates as inhibitors of 
TS (Table 1) [38] suggests that once these metabolites 
are formed they would act as the species primarily 
responsible for TS inhibition. 

Although the studies reported herein were not 
designed to study the transport of CB3717, it is 
noteworthy that despite 24 hr culture in the presence 
of 50 PM CB3717 (albeit in a growing cell population 
due to the presence of thymidine) total cellular drug 
levels did not exceed 10 PM in any of the experiments 
performed. Furthermore, maximum total drug levels 
had apparently been reached after incubation for 
6 hr. The mechanism of CB3717 transport is not 
known although it is not thought to be via the active 
transport mechanisms described for both the natural 
folates and MTX. For example CB3717 is active 
against cell lines resistant to MTX due to reduced 
MTX transport [45] and is also active against a cell 
line unable to transport either folate or reduced 
folate into the cell (R. C. Jackson, personal 
communication). 

The greatly increased affinities of the poly- 
glutamates of CB3717 for TS together with the very 
much smaller increase in the affinity for DHFR is in 
agreement with the results of Cheng et&. [38]. There 
should therefore be an increase in the specificity of 

the inhibition of TS as a result of the formation of 
CB3717 polyglutamates. Experimental data suggests 
that CB3717 cytotoxicity appears to mediate slowly 
through TS and that CB3717 polyglutamation does 
not result in a change in its locus of action. For 
example the effects are reversed by thymidine alone 
without the necessity for the addition of a purine 
[33], CB3717 is active against DHFR overproducing 
cell lines [31,45], and L1210 cells with acquired 
resistance to CB3717 have an amplified TS gene 
[49,50]. In contrast, MTX polyglutamation results 
in a marked decrease in the specificity for DHFR 
inhibition, due to the activity of MTXpolyglutamates 
against TS, glycinamide ribotide transformylase and 
5-aminoimidazole carboximide ribotide transfor- 
mylase [5,22-241. 

In summary the study reported herein has shown 
that CB3717 is metabolised to polyglutamate forms 
in L1210 cells in vitro. The substantial increase in 
the potency of these metabolites as inhibitors of 
isolated TS suggests that they contribute significantly 
to the in vitro cytotoxicity of CB3717. Furthermore 
the continued inhibition of TS in the absence of 
extracellular drug is accounted for by the retention 
of CB3717 polyglutamates intracellularly. 

Acknowledgements-The authors are greatly indebted to 
Dr K. Pawelczak for providing samples of the synthetic 
CB3717 polyglutamate standards used in these studies. E. 
Sikora also gratefully acknowledges the receipt of a Cancer 
Research Campaign International Fellowship from the 
International Union Agaist Cancer. This work was sup- 
ported by grants from the Cancer Research Campaign and 
Medical Research Council UK. 

REFERENCES 

1. Kisliuk RL, The biochemistry of folates. In: Folate 
Antagonists as Therapeutic Agents I (Eds. FM Sirotnak, 
JJ Burchall, WD Ensminger and JA Montgomery), pp. 
l-68. Academic Press, New York, 1984. 

2. Baugh CM, Krumdieck CL and Nair MG, Poly- 
gammaglutamyl metabolites of methotrexate. Biochem 
Biophys Res Commun 52: 27-34, 1973. 

3. Matherly LH, Voss MK, Anderson LA, Fry DW and 
Goldman ID, Enhanced polvglutamylation of amino- 
pterin relative to methotrex% in the Ehrlich ascites 
tumor cell in vitro. Cancer Res 45: 1073-1078. 1985. 

4. Sirotnak FM, DeGraw JI, Moccio DM, Samuels LL 
and Goutas LJ, New folate analogues of the lo-deaza- 



Formation and retention and biological activity in L1210 cells 4053 

aminopterin series. Cancer Chemother Pharmacol 12: 
E-25, 1984. 
Chabner BA, Allegra CJ, Curt GA, Clendeninn NJ, 
Baram J, Koizumi S, Drake JC and Jolivet J, Poly- 
glutamation of methotrexate. J C&n Invest 76: 907- 
912, 1985. 
Fry DW, Yalowich JC and Goldman ID, Rapid for- 
mation of poly-y-glutamyl derivatives of methotrexate 
and their association with dihydrofolate reductase as 
assessed by high pressure liquid chromatography in the 
Ehrlich ascites tumour cell in vitro. J Biol Chem 257: 
189&1896, 1982. 

I. Jolivet J, Schilsky RL, Bailey BD, Drake JC and Chab- 
ner BA, Synthesis, retention, and biological activity of 
methotrexate polyglutamates in cultured human breast 
cancer cells. J Chin Znuesf 70: 351-360, 1982. 

8. Galivan J, Evidence for the cytotoxic activity of poly- 
glutamate derivatives of methotrexate. Mol Pharmacol 
17: 105-110, 1980. 

9. Rosenblatt DS, Whitehead VM, Vera N, Pottier A, 
DuPont M and Vuchich M-J, Prolonged inhibition of 
DNA synthesis associated with the accumulation of 
methotrexate polyglutamates by cultured human cells. 
Mot Pha~~ol14: 1143-1147. 1978. 

10. Samuels LL, Moccio DM’and Sirotnak FM, Similar 
differential for total polyglutamylation and cytotoxicity 
among various folate analogues in human and murine 
tumour cells in vitro. Cancer Res 45: 1488-1495, 1985. 

11. Fabre G, Matherly LH, Favre R, Catalin J and Cano 
J-P, In oitro formation of polyglutamyl derivatives of 
methotrexate and 7-hydroxymethotrexate in human 
lvmuhoblastic leukemia cells. Cancer Res 43: 4648 
4652, 1983. 

12. W~thead VM, Synthesis of methotrexate polyglu- 
tamates in L1210 murine leukemia cells. Cancer Res 
37: 4ow12, 1977. 

13. Whitehead VM, Perrault MM and Stelcner S, Tissue- 
specific synthesis of methotrexate polyglutamates in 
the rat. Cancer Res 5: 2985-2990, 1975. 

14. Koizumi S, Curt GA, Fine RL, Griffin JD and Chabner 
BA, Formation of methotrexate polvslutamates in 
purified myeloid precursor cells f;om “normal bone 
marrow. J Clin invest 75: 100~1014. 1985. 

15. Gerwitz DA, White JC, Randolph JK and Goldman 
ID, Formation of methotrexate ~lyglutamates in rat 
hepatocvtes. Cancer Res 39: 2914-2918. 1979. 

16. Jacobs SA, Derr CJ and Johns DG, -Accumulation 
of methotrexate diglutamate in human liver during 
methotrexate theraov. Biochem Pharmacol 26: 231O- 
2313, 1977. -I 

17. Samuels LL, Feinberg A, Moccio DM, Sirotnak FM 
and Rosen G, Detection bv high-oerformance liauid _ _. 
chromatography of methotrexate and its metabolites in 
tumour tissue from osteosarcoma patients treated with 
high-dose methotrexatefleucovoin rescue. Biochem 
Pkzrmacoi 33: 2711-2714, 1984. 

18. Jolivet J and Chabner BA. Intracellular oharmaco- 
kinetics of methotrexate polyglutamates ‘in human 
breast cancer cells. I Clin Invest 72: 773-778, 1983. 

19. Galivan J and Nimec Z, Effects of folinic acid on 
hepatoma cells containing methotrexate poly- 
glutamates. Cancer Res 43: 551-555, 1983. 

20. Galivan J, Inglese J, McGuire JJ, Nimec Z and Coward 
JK, y-Fluoromethotrexate: Synthesis and biological 
activity of a potent inhibitor of dihydrofolate reductase 
with greatly diminished ability to form poly-y- 
glutamates. Proc Nat1 Acad Sci USA 82: 2598-2602, 
1985. 

21. Cowan KH and Jolivet J, A methotrexate-resistant 
human breast cancer cell line with multiple defects, 
including diminished formation of methotrexate 
polyglutamates. J Biof Chem 259: 10793-10800, 1984. 

22. Szeto DW, Cheng Y-C, Rowsowsky A, Yu C-S, Modest 

EJ, Piper JR, Temple C, Elliot RD, Rose JD and 
Montgomery JA, Human thymidylate synthetase-III. 
B&hem Pha~col28: 2633-2637, 1979. 

23. AlIegra Cl, Chabner BA, Drake JC, Ludz R, Rodbard 
D and Jolivet J, Enhanced inhibition of thymidylate 
synthase by methotrexate polyglutamates. f Bioi Chem 
260: 9720-9726, 1985. 

24. Allegra CJ, Drake JC, Jolivet J and Chabner BA, 
Inhibition of phosphoribosylaminoimidazolecarbox- 
amide transformylase by methotrexate and dihydrofolic 
acid polyglutamates. Proc Nat1 Acad Sci USA 82: 4881- 
4885, 1985. 

25. Jacobs SA, Adamson RH, Chabner BA, Derr CJ and 
Johns DG, St~ichiomet~c in~bition of mammalian 
dihydrofolate reductase by the y-glutamyl metabolite 
of methotrexate, 4-amino-4-deoxy-Nr”-methyl- 
pteroylglutamyl-y-glutamate. Biochem Biophys Res 
Commun 63: 692-698, 1975. 

26. Ueda ‘I, Dutschman GE, Nair MG, Degraw JI, Sirot- 
nak FM and Cheng Y-C, Inhibitory action of lo- 
deazaaminopterins and their polyglutamates on human 
thymidylate synthase. Mol Pharmacol 30: 149-153, 
1986. 

27. Femandes DJ, Bertino JR and Hynes JB, Biochemical 
and antitumor effects of 5,8-dide~~~pteroylgluta- 
mate, a unique ouinazoline inhibitor of thvmidvlate 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35 

36 

synthase. Cancerkes 43: 1117-1123, 1983. _ _ 
Fabre I. Fabre G and Goldman ID. Polvelutamvlation. 
an important element in methotrexate c;totoxicity and 
selectivity in tumour versus murine gr&ulocytiE pro- 
genitor cells in uitro. Cancer Res 44: 3190-3195. 1984. 
Fry DW, Anderson LA, Borst M and Goldman ID, 
Analysis of the role of membrane transport and poly- 
glutamation of methotrexate in gut and the Ehrlich 
tumor in Z.&O as factors in drug sensitivity and 
selectivity. Cancer Res 43: 1087-1092, 1983. 
Calvert AH, Alison DL, Harland SJ, Robinson BA, 
Jackman AL, Jones TR, Newell DR, Siddik ZH, 
Wiltshaw E. McElwain TJ. Smith IE and Harrao KR. 
A Phase I ‘evaluation of’ the auinazoline antifolatk 
thymidylate synthase inhibitor, Ni”-propargyl-5,8- 
dideazafolic acid. CB3717. Clin Oncol4: 1245-1252. 
1986. 
Jones TR, Calvert AH, Jackman AL, Brown SJ, Jones 
M and Harrap KR, A potent antitumour quin~oline 
inhibitor of thymidylate synthetase: Synthesis, bio- 
logical properties and therapeutic results in mice. Eur 
J Cancer 17: 11-19, 1981. 
Jackson RC, Jackman AL and Calvert AH, Bio- 
chemical effects of a quinazoline inhibitor of thy- 
midylate synthetase, (CB3717), on human 
lymphoblastoid cells. Biochem Pharmacol 32: 3783- 
3790, 1983. 
Jackman AL, Taylor GA, Calvert AH and Harrap 
KR, Modulation of antimetabo~te effects. Effects of 
thymidine on the efficacy of the quin~oline-based thy- 
midvlate svnthetase inhibitor, CB3717. Biochem Phar- 
ma&l 33:*326%3275, 1984. 
Moran RG, Colman PD, Rosowsky A, Forsch RA and 
Chan KK, Structural features of 4-amino antifolates 
required for substrate activity with mammalian folyl- 
polyglutamate synthetase. Mot' Pharmacol27: 156-166, 
1985. 
Manteuffel-~mborowska M, Sikora E and Grze- 
lakowska-Szta~~ B. Polv~lutamation of the antifolate 
anticancer drug N”-pr~~argyl-5,8-dide~foIic acid 
fCB3717) in the mouse. Anticancer Res 6: 807-812, 
I986 ’ 
Nair MG, Mehta AP and Nair IG, The metabolism of 
Nr”-(propargyl) 5,8-dideazafolic acid (PDDF) to poly- 
y-glutamates in mice. Fed Proc 45: 821, 1986. 

37. Manteuffel-Cymborowska M, Kaminska B and Grze- 
Iakowska-Sztabert B, Polyglutamation of the thy- 



40.54 E. SIKORA et al. 

38. 

39. 

40. 

41. 

42. 

43. 

midylate synthase inhibitor, N’“-propargyl-5,8- 
dideazafolic acid, CB3717, in organs of Ehrlich ascites 
car~noma-bea~ng mice. In Chemisrry and Biology of 
Pter~d~n~ 1986 (Eds. Cooper BA and Whitehead VM), 
pp. 993-996. de Gruyter, Berlin, 1986. 
Cheng Y-C, Dutschman GE, Starnes MC, Fisher MH, 
Nanavathi NT and Nair MG, Activity of the new anti- 
folate N’spropargyl-5,8-dideazafolate and its poly- 
glutamates against human dihydrofolate reductase, 
human thymidylate synthetase, and KB cells containing 
different levels of dihydrofolate reductase. Cancer Res 
45: 598-600, 1985. 
Nair MG, Nanavathi NT, Nair IG, Kisliuk RL, Gau- 
mont Y, Hsiao MC and Kalman TI, Folate analogues. 
26. Syntheses and antifolate activity of lo-substituted 
derivatives of 5,8-dideazafolic acid and of the poly-y- 
glutamyl metabolites of Nr”-propargyl-5,8-dideazafolic 
acid (PDDF). J Med Chem 29: 1754-1760, 1986. 
Sikora E, Jackman AL, Newell DR and Calvert AH, 
Polyglutamation of the thymidylate synthase inhibitor 
N10-propargyl-5,8-dideazafolic acid (CB371’7) in L1210 
cells in u&o. Br J Cancer 56: 195, 1987. 
Sikora E, Jackman AL, Newell DR, Harrap KR, Cal- 
vert AH, Jones TR, Pawelczak K and Rzeszotarska B, 
N10-propargyl-5,8-~de~folic acid ~lyglutamates as 
inhibitors of thymidylate synthase and their intra- 
cellular formation. In: Chemirtry and Biology of Pter- 
idines 1986 (Eds. Cooper BA and Whitehead VM), pp. 
675-679. de Gruyter, Berlin, 1986. 
Calvert AH, Newell DR, Jackman AL, Gumbrell LA, 
Sikora E, Grzelakowska-Sztabert B, Bishop JAM, Jud- 
son IR, Harland SJ and Harrap KR, Recent preclinical 
and chnical studies with the thymidylate synthase 
inhibitor N”“propargyl-5,8-~de~afolic acid 
(CB3717). NCI Monoar 5: 213-218, 1987. 
Pawelczak K, Jones ?R, Jackman AL, Kempny M, 
Krzvzanowski L. Newell DR and Rzeszotarska B. Qui- 
nazoline antifolates inhibiting thymidylate synthase: 
synthesis of four oligo-L-y-glutamyl conjugates of Nr”- 
propargyl-5,8-dideazafolic acid. J Med Chem 
submitted. 

44. Sikora E, Newell DR, Jackman AL, Simmonds AJ, 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

Jones TR and Calvert AH, Development of an assay for 
the estimation of N’“-propargyl-fi,&dideazafolic acid 
~lyglut~ates in tumour cells. Anal Biochem in press. 
Diddens H, Niethammer D and Jackson RC, Patterns 
of cross-resistance to the antifofate drugs Trimetrexate, 
metoprine, homofoiate and CB3717 in human lym- 
phoma and osteosarcoma cells resistant to metho- 
trexate. Cancer Res 43: 5286-5292, 1983. 
Sirotnak FM, Correlates of folate analog transport, 
pharmacokinetics and selective antitumor action. In: 
Membrane Transport of Antineoplnstic Agents (Ed 
Goldman ID), pp. 241-281. Pergamon Press, Oxford, 
1986. 
Sirotnak FM, Goutas W, Jacobsen DM, Mines LS, 
Barrueco JR, Gaumont Y and Kisliuk RL, Carrier- 
mediated transport of folate compounds in Ll210 cells. 
Biochem PharmacoI36: 1659-1667, 1987. 
Goldman ID, Gupta V, White JC and Loftfield S, 
Exchangeable intracellular methotrexate levels in the 
presence and absence of vincristine at extracellular 
drug concentrations relevant to those achieved in high- 
dose methotrexate-folinic acid “rescue” protocols. 
Cancer Res 36: 276-279, 1976. 
Jackman AL, Alison DL, Calvert AH and Harrap 
KR, Increased th~dylate synthetase in L1210 cells 
possessing acquired resistance to Nt”-propargyl-5,8- 
dideazafolic acid (CB3717): Development, charac- 
terisation, and cross-resistance studies- Cancer Res 46: 
2810-2815, 1986. 
Ali Iman AM, Crossley PH, Jackman AL and Little 
PFR, Analysis of thymidylate synthase gene ampli- 
fication and of mRNA levels in the cell cvck. J Biol 
Chem 262: 7368-7373, 1987. 
Jennrich RJ and Sampson PF, Application of stepwise 
regression to non-linear least squares estimation. Tech- 
nometrics 10: 63-72, 1968. 
Calvert AH, Jones TR, Dady PJ, Brzelakowska- 
Sztabert B, Paine RM. Taylor GA and Harrao KR. 
Quinazoline antifolates 4th dual biochemical loci 
of action. Biochemical and biological studies directed 
towards overcoming methotrexate resistance. Eur J 
Cancer 16: 713-722, 1980. 


