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Abstract--Our prior studies with inside-out plasma membrane vesicles from L1210 cells (Schlemmer 
SR and Sirotnak FM, J Biol Chem 267: 1474614752,1992) identified an outwardly directed, translocating 
ATPase as meN5iating the majority of methotrexate (MTX) efflux in these cells. In the current studies, 
we examined bsy competitive inhibition with [3H]MTX as permeant some of the structural features that 
determine preferences among folate compounds and their analogues as permeants for this ATPase. 
The results show that folate compounds are preferred over simple quinazolines (5,&dideaza_pteridines), 
and lLS-CHs-folateH,, and probably other S-substituted folates are preferred over folic acid. In the 
latter regard, the observed equivalence in preference to ILS-CH,-folateH, of the 4-oxa-pyridopyrimidine, 
lometrexol (DIDATHF), probably relates to its close similarity to folateH+ The results also suggest 
that the 4-position in the case of folate analogues, but not in the case of the quinazoline analogues, is 
an important determinant with 4-amino preferred over 4-oxa. They also suggest that the NlO position 
on the bridge region in both series of compounds, and probably for the pyridopyrimidine lometrexol, 
is not an important determinant. In contrast to results seen with the simple quinazolines, the 2-CH3 
desamino quinazoline ZEN D1694, modified as well by a 2-benzyl to thienyl replacement on the side 
chain, was highly preferred. The same relative differences seen among some of these analogues as 
inhibitors of [3H]MTX efflux in inside-out vesicles were documented for their effectiveness as permeants 
for ATP-dependent efflux in intact L1210 cells. 
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Previous studies from our laboratory [l, 21 have 
provided evidence for the notion that net intracellular 
accumulation of 4-amino folate analogues, such as 
MTXt, in L1210 cells reflects the operation of at 
least two separate systems that mediate their inward 
and outward flux. Although the one-carbon, reduced 
folate transport system, which mediates [3-51 influx 
of these agents, is also capable of mediating 
their bidirectional flux [3-51, under physiological 
conditions efflux is mediated predominantly [2,6] 
by a specific outwardly directed ATP-dependent 
system. Although some difference of opinion has 
arisen with regard to the conclusions of these studies 
[l, 2-61 and of others reported elsewhere [7,8], 
concerning the multiplicity of separate efflux routes 
in these cells, the results from both laboratories are 
in agreement as to the predominance of an ATP- 
dependent, BSP-sensitive route in the mediation of 
MTX efflux in L1210 cells. The BSP-sensitive system 
has been identified recently in our laboratory [9] as 
a translocating ATPase in studies utilizing inside- 
out plasma membrane vesicles derived from these 
cells. 
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t Abbreviations: MTX, methotrexate; BSP, bro- 
mosulfophthalein; and DDATHF, 5,10-dideaza-folateH,.. 

Since a number of new folate analogues are under 
development [lo-121 as therapeutic agents in patients 
presenting with neoplastic disease, it was of interest 
to examine some of these agents, as well as natural 
folate compounds, as permeants for this translocating 
ATPase. Also, a comparison among selected folate 
compounds and their analogues identifying structural 
preferences as permeants may provide additional 
insights as to the interaction of this class of small 
molecule permeants with this ATPase, which may 
also be useful in the design of more efficacious folate 
analogues. For these studies, we utilized the same 
inside-out plasma membrane vesicle technology that 
was described in our original report [9]. To ascertain 
preferences among these structurally related com- 
pounds as permeants for this system, we applied 
kinetic approaches to a determination of their 
effectiveness as inhibitors of mediated efflux of 
[3H]MTX on the assumption that such data would 
be predictive of their effectiveness as permeants. 
Our results, which also provide further evidence for 
the identity of this ATPase as the BSP-sensitive, 
ATP-dependent route in intact L1210 cells [6,9] 
effluxing folate analogues, are presented below. 

MATERIALS AND METHODS 

The cells used as a source of membrane vesicles 
were maintained [4] in culture in RPMI-1640 medium 
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supplemented with 10% fetal bovine serum. L1210/ 
R24 cells for membrane vesicle preparations were 
obtained from BD2F1 (C57BL/bBA/2F1) mice 
following transplantation of cells in culture. Egress 
of folate analogues from L1210 cells was measured 
[4] in cells preloaded with each compound (5 +uM) 
during incubation in the absence of glutamine in 
buffered-salts transport medium (107 mM NaCl, 
10 mM Tris-HCl, 26.2 mM NaHC03, 5.3 mM KCI, 
1.9 mM CaCl*, 1 mM MgCl* and 7 mM D-glucose, 

pH 7.4) for 10min at 37”. After preloading, cells 
were washed once with cold (O-4”) buffered, isotonic 
saline (0.14 M NaCl + 0.02 M sodium phosphate, 
pH 7.4) and resuspended in transport medium plus 
7mM D-glucose. Aliquots of cells were removed 
after various periods of incubation at 37” [l, 2,6] 
and washed by centrifugation and resuspension 
in buffered isotonic saline. Cellular content of 
radioactive folate analogues was determined by 
processing [l, 2,6] in scintillation fluid and scin- 
tillation counting. Cellular content of nonradioactive 
folate analogues was determined by a titration assay 
with dihydrofolate reductase [4]. 

The preparation of inside-out plasma membrane 
vesicles fromL1210/R24 cells has been described in 
detail in our earlier report [9]. Since these 
preparations were only 77% inside-out, the com- 
plication of influx in the right-side-out fraction was 
avoided by using the influx defective [9] L121O/R24 
cells as a source of vesicles. Approximately 1 mg of 
inside-out vesicles was obtained from 2.2 X lo9 cells. 
Vesicle sidedness and contamination by membranes 
from intracellular organelles were monitored by 
marker enzyme analysis described in detail in our 
earlier report [9]. Vesicle preparations were 94 + 6% 
pure plasma membrane. Measurements of ATP- 
dependent intravesicular accumulation of [3H]MTX 

were carried out with a modification [9] of the 
procedure of Horio et al. [ 131. The procedure utilizes 
the ATP-regenerating system described earlier by 
Kamimoto et al. [14]. Usually, a 20-PL aliquot of 
vesicles (50-70 pg of membrane protein) was 
incubated at 37” in the presence and absence of 
5 mM ATP and regenerating system. Intravesicular 
accumulation of [3H]MTX was initiated by the 
addition of the permeant. The final buffer content 
of the transport medium (100 pL) was 25 mM 2-(N- 
morpholino)ethanesulfonic acid (MES), pH 6.1, 
with MgO and 225 mM sucrose. The pH used (6.1) 
was the measured optimum for folate compound 
efflux [9] in this vesicle system. Incubation was 
stopped at various times by rapid dilution with 9 mL 
of cold (O-4”) Tris-HCl-sucrose (20 mM Tris-HCl, 
pH 7.4, and 250 mM sucrose), and the vesicles were 
collected by filtration and dissolved in scintillation 
fluid for radioactive counting. Absorption of 
radiolabeled permeant to the vesicle surface was 
determined by a 5-set exposure to permeant at O-4”. 
Alternatively, surface binding was determined by 
back-extrapolation of the 37” time+ourse to the 
origin. Each time point was performed in duplicate, 
and the data represent an average of at least three 
separate experiments. Kinetic constants (K,, V,,,,, 
and Ki) for initial intravesicular accumulation were 
determined by Lineweaver-Burk [15] or Dixon [16] 
plots of the time-course data at various external 
concentrations with the application of linear 
regression analysis. 

3’,5’,9-[3H]MTX (sp. act. = 12-20 Ci/mmol) and 
3’,5,9-[3H]aminopterin (sp. act. = lo-15 Ci/mmol) 
were purchased from Moravek Biochemicals, City 
of Industry, CA. MTX and aminopterin were 
provided by the Division of Cancer Treatment, 
National Cancer Institute, and ZEN D1694 was a 
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Fig. 1. Inhibition by folate analogues of ATP-dependent internalization at 37” of [‘H]MTX by inside- 
out plasma membrane vesicles from L121O/R24 cells. The concentration of each analogue employed 
was 100 PM with 20 PM [3H]MTX. EDX = edatrexate (lo-ethyl-lo-deaza-aminopterin). The data 
represent an average of 3 separate experiments. Additional details are provided in the text. 

SEM = i + 14%. 
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Fig. 2. Concentration-dependence for the inhibition by folate analogues of ATP-dependent internalization 
of [3H]MTX by inside-out plasma membrane vesicles from L121O/R24 cells. The rate of internalization 
of [3H]MTX at 2OpM was determined by sampling after 15, 30 and 45 set of incubation at 37”. 
Abbreviations: EDX, edatrexate; and ddAM, 5,8-dideaza-aminopterin. Additional experimental details 

are provided in the text. SEM = < * 13%. 

gift of Zeneca Pharmaceuticals, Surrey, U.K. 
Lometrexol (DDATHF) was provided by Dr. J. R. 
Piper of the Southern Research Institute, and 
edatrexate was provided by the Ciba Geigy Corp., 
Summit, NJ. Dideaza-aminopterin was provided by 
Dr. L. Werbel of the Parks-Davis Corp., Summit, 
NJ. ILS-CH3-folateHd was purchased from Dr. B. 
Schirks Laboratories, Jona, Switzerland. All folate 
analogues were shown by HPLC [17] to be greater 
than 97% pure. All other chemicals were reagent 
grade. 

RESULTS AND DISCUSSION 

The results in Fig. 1 show a typical time-course 
for intravesicular accumulation of L3H]~~x at an 
external concentration of 20 PM by inside-out plasma 
membrane vesicles from L121O/R24 cells. The initial 
rate of accumulation was 20- to 25fold more rapid 
in the presence of 5 mM ATP than in its absence. 
Our prior studies [9] of ATP-dependent efflux in 
this system documented rapid, saturable (K, = 
47 2 8), and concentrative internalization of [3H]- 
MTX that was dependent upon ATP hydrolysis. As 
inhibitors of ATP-dependent efflux of [3H]MTX, the 
folate compounds and their analogues that we 
examined varied considerably in their potency. For 
example (Fig. l), at a concentration of 100 PM, folic 
acid was minimally effective (30% inhibition); 
edatrexate, the 4-amino folate analogue, was 
substantially more effective (68% inhibition); and 
D1694, the 4-oxa quinazoline analogue, was the 
most effective (89% inhibition). Efflux of [3H]MTX 
in the presence of var:Ious amounts of some of these 
inhibitors is shown in Fig. 2. Data in this figure focus 
on the effects on ATP-dependent efflux of [3H]MTX 
only after they were corrected for ATP-independent 
efflux of [3H]MTX (Fig. l), which had been shown 

earlier [9] to represent simple diffusion into these 
vesicles. Again, D1694 and edatrexate were among 
the most potent inhibitors. In the concentration 
range shown, they achieved complete or nearly 
complete inhibition of ATP-dependent efflux of 
[3H]MTX consistent with the notion that such flux 
is mediated by a single ATPase or more than one 
ATPase with similar sensitivity to these inhibitors. 
By comparison, folic acid was a modest inhibitor 
and the 4-NHz-quinazoline analogue dideaza- 
aminopterin wasextremelyineffective as an inhibitor. 

Data similar to that shown in Fig. 2 were generated 
(not shown) for the remainder of the compounds 
selected for use in these studies. All of the data was 
then analyzed by a Dixon plot [16] to obtain 
individual values for Ki. Some of these plots are 
shown in Fig. 3. In every case, a single inhibition 
component, as shown by a linear plot of inhibitor 
concentration versus the reciprocal of efflux velocity, 
was obtained regardless of the extent of the inhibition 
observed in each case. A summary of these values 
and the most relevant structural details for all of the 
compounds examined are given in Table 1. The 
actual structures are given in Fig. 4. Substantial 
diversity in Ki values was shown for this group of 
compounds. Among the pteridinyl and pyr- 
idopyrimidinyl compounds studied, folic acid was 
the least effective as an inhibitor of ATP-dependent 
[3H]MTX efflux. The largest value for K, was 
obtained with this compound, while the value for 
the natural diastereoisomer of .5-CH3-folateH, was 
4-fold lower; the values for all of the other pteridinyl 
compounds and the 4-amino analogues, including 
aminopterin, MTX and edatrexate, were comparable 
to lL5-CH,-folateH4. Likewise, a similar value for 
Ki was obtained with the pyridopyrimidinyl analogue 
of folate Hq, lometrexol. These results appear to 
document an equivalence in structural preference by 
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Fig. 3. Dixon plot of data generated for the inhibition by folate analogues of ATP-dependent 
internalization of (3H]MTX by inside-out plasma membrane vesicles from L121O/R24 cells. See the 

legend of Fig. 2 and the text for additional details. SEM = < k 13%. 

this ATPase for S-substituted reduced folates, 
unsubstituted reduced folate analogues as well as 4- 
amino substituted analogues of folic acid when 
compared with folic acid itself. In sharp contrast, 
two of the quinazoline analogues examined were 
extremely poor inhibitors of ATP-dependent [3H]- 
MTX efflux. K, values for both the 4-oxa and 4- 
amino quinazolinyl analogues dideaza-aminopterin 
and CB3717, were extremely high (15 to l&fold 
greater than those of all the folate compounds except 
folic acid). Most interestingly, the third quinazolinyl 
analogue examined, D1694, was the most effective 
inhibitor of ATP-dependent t3H]MTX efflux overall. 
This 2-desamino-4-oxa-quinazoline has CH3 at the 2 
position and a thiophene in place of benzene on the 
side-chain, in addition to CH3 at NlO. 

We also found during these studies that the same 
differences seen among some of these analogues as 
inhibitors of [3H]MTX efflux in inside-out vesicles 
were documented for their effectiveness as permeants 
for ATP-dependent efflux in intact L1210 cells. Some 
data pertaining to the latter studies are shown in 
Fig. 5. These data show that efflux of all three of 
the 4-amino folate analogues from ATP-replete 
L1210 cells was extremely rapid (& = 0.24 to 
0.27 min-‘), whereas efflux of the quinazoline 
dideaza-aminopterin was 14- to 17-fold lower (k,rr = 
0.017 min-‘). These values are consistent with the 
corresponding values for Ki obtained with these 
compounds (Table 1) as inhibitors of ATPase- 
mediated efflux of J3H]MTX in the vesicle system. 
A value for decay-time for folic acid could not be 

Table 1. Folate compounds and their analogues as inhibitors of ATP-dependent efflux of [3H]MTX by 
inside-out plasma membrane vesicles from L121O/R24 cells 

Compound 
Substituents 

Basic ring structure* 2 4 5 R = 10 K, @M) 

Folic acid 
lLS-CH3-folateH, 
Aminopterin 
Methotrexate 
Edatrexate 
Dideaza-aminopterin 
Lometrexol 
CB3717 
ZEN D1694t 

Pteridinyl NH2 OH 
PteridinylH, NH2 OH CH, 
Pteridinyl NH2 NH2 
Pteridinyl NH2 NH2 
Pteridinyl NH1 NH2 
Quinazolinyl NH2 NH2 H 
PyridopyrimidinylH, NH2 OH H 
Quinazolinyl NH2 OH H 
Quinazolinyl CHr OH H 

NH 
NH 
NH 
NCH, 
CHCzHs 
NH 
NH 
NC-CkCH 
NCH, 

216 I! 28 
54 * 7 
49 5 8 
53 + 8 
59 + 9 

920 ” 130 
57 t- 5 

880 lr 99 
19 ‘-’ 3 

Experimental details are provided in Materials and Methods. The data are means 2 SEM of 3-5 separate 
experiments. 

* Pyridopyrimidinyl = 5 deazapteridinyl; quinazolinyl = S&dideazapteridinyl. 
t 2-Benzyl replaced by thiophene. 
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pteridinyl 

WHH 

C-N-?-cooH 
(tH2)2 

COOH 

R, =OH, Rr=NH = folic acid 

RI = NH2, R2 = NH = aminopterin 

R, = NHI, R2 = N-CHa = methotrexate 

R, = NH*, R2 = CH-CHa-CH, = edatrextate 

qtrinazolinyl 

biH 
C-N-rcooH 

(yH2)2 

COOH 
R, = OH, R2 == N-CECH = CB3717 

R, = NH*, Rz =: NH = dideaza-aminopterin 

ZEN D1694 LOOH 

pyridopyrimidyl 

lometrexol 

Fig. 4. Structural properties of the various folate compounds 
used in these studies. 
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derived because of the rapid intracellular metabolism 
[17] of this compound. Such data strongly suggest 
that the potency of these compounds as inhibitors 
of this process reflects the relative preference for 
them by this ATPase as permeants and support the 
conclusion of our earlier studies [9] that the ATP- 
dependent process under study is the same in each 
case. 

Although a relatively small group of structurally 
related compounds were examined in these initial 
studies, a number of conclusions can be derived 
from these results. Clearly, the folate compounds 
and their 4-amino-pteridine and pyridopyrimidine 
analogues examined are preferred over the simple 
quinazolines as permeants for this translocating 
ATPase and ILS-CHs-folateH4, and probably other 
5-substituted reduced folates are preferred over folic 
acid. In the latter regard, the equivalence in 
preference apparent for lometrexol is most likely 
related to the fact that this fully reduced, 4-oxa- 
pyridopyrimidine is a close structural analogue of 
folateH4. The results also suggest that the 4-position 
in the case’of the folate analogues, but not in the 
case of the quinazoline analogues, is an important 
determinant, with 4-amino preferred over 4-oxa. 
They also suggest that the bridge region in 
both series of compounds and probably in the 
pyridopyrimidine, specifically the N10 position, is 
not an important determinant. This is concluded 
from the fact that both the folate and quinazoline 
compounds, as a group, exhibit considerable diversity 
at this region (see Fig. 4 and Table l), but compounds 
within each series were essentially equivalent as 
inhibitors of ATP-dependent efflux of [3H]MTX. 
The third quinazoline compound was the most 
unusual overall. Its marked effectiveness as an 

0.26 ztO.03 

U 10 20 30 

t(min) 
Fig. 5. Time-oourse for efflux at 37” of folate analogues from L1210 cells. After a lo-min incubation 
of cells in transport medium at 37” in the presence of a 5 JIM concentration of each analogue, cells 
were cooled to O-4”, centrifuged and resuspended in analogue-free transport medium at 37”. The cell 
suspension was sampled at various intervals after resuspension. Abbreviations: AM, aminopterin; 
ddAM, 5,8-dideaza-aminopterin; EDX, edatrexate; and MTX, methotrexate. Additional details are 
provided in the text. The data are an average of 3 separate experiments done on separate dates. 

SEM = < ? 12%. 
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inhibitor, particularly when compared with the other 
quinazolines, most likely relates to the 2-CH3 
desamino modification on the pyrimidine ring. 
However, we have no data that formally exclude an 
effect of the benzene to thiophene modification on 
the side chain. Under the likely assumption that all 
of these structurally related compounds are, 
themselves, permeantsforthis translocatingATPase, 
the data presented above document differences in 
preferences among these compounds as permeants 
that is characteristic of a specific binding interaction 
with a site on the ATPase. 

Net intracellular accumulation of folate com- 
pounds in L1210 cells under physiological (ATP- 
replete) conditions should reflect the effectiveness 
of each compound as a permeant for this outwardly 
directed translocating ATPase as well as the one- 
carbon, reduced folate transport system that mediates 
[l-8] their influx. Therefore, it was of interest to 
note that the relative preferences among this group 
of compounds for ATP-dependent efflux were 
different from those shown [4,11,12, M-221 for the 
influx route. In the latter case, overall saturability 
among these compounds was greater, and folic acid 
was relatively less effective as a permeant compared 
with the reduced folate analogue. However, both 
systems exhibited similar saturability for folic acid. 
Although there were some differences among the 
pteridine derivatives, these as well as dideaza- 
aminopterin, lometrexol and D1694 were similar 
overall as permeants for this influx route. Inter- 
estingly, in contrast to dideaza-aminopterin, the 
quinazoline analogue CB3717 was a relatively poor 
permeant for influx as in the case of ATP-dependent 
efflux. Intracellular accumulation of these analogues 
would also be influenced by their polyglutamylation 
once inside the cell. However, internalization of 
many of these analogues [ll, 12, 181 is lo- to 20-fold 
more rapid than their polyglutamylation. Also, we 
have shown [23] that polyglutamates of at least the 
pteridine analogues, if not the other compounds, 
appear to be equivalent as permeants for this 
translocating ATPase. 

Acknowledgements-This work was supported, in part, by 
Center Core grant CA08748 and Grant CA56517 from the 
National Cancer Institute and the Elsa U. Pardee 
Foundation. 

REFERENCES 

1. Dembo M and Sirotnak FM, Antifolate transport in 
~1210 leukemia cells. Kinetic evidence for the 
nonidentity of carriers for influx and efflux. BiOchim 
Biophys Acta 448: 505-516, 1976. 

2. Dembo M, Sirotnak FM and Moccio DM, Effects of 
metabolic deprivation on methotrexate transport in 
Ll210 leukemia cells: Further evidence for separate 
influx and efflux systems with different energetic 
requirements. J Membr Biol78: 9-17, 1984. 

3. Goldman ID, The characteristic of membrane transport 
of amethopterin and the natural occurring folates. Ann 
NY Acad Sci 186: 400-422, 1971. 

4. Sirotnak FM, Correlates of folate analog transport, 
pharmacokinetics and selective antitumor action. 

5. Sirotnak FM, Obligate genetic expression in tumor 
cells of a fetal membrane property mediating “folate” 
transport: Biological significance and implications for 
improved therapy of human cancer. Cancer Res 45: 
3992-4000, 1985. 

6. Sirotnak FM and O’Leary DF, The issues of transport 
multiplicity and energetics pertaining to methotrexate 
efflux in L1210 cells addressed by an analysis of cis and 
tram effects of inhibitors. Cancer Res 51: 1412-1417, 
1991. 

7. Henderson GB and Zevely EM, Transport routes 
utilized by L1210 cells for influx and efflux of 
methotrexate. J Biol Chen 259: 1526-1531, 1984. 

8. Henderson GB and Zevelv EM. Inhibitorv effects of 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

probenecid on the individual transport rdutes which 

mediate the influx and efflux of methotrexate in L1210 
cells. Biochem Pharmacol34: 1725-1729, 1985. 
Schlemmer SR and Sirotnak FM, Energy-dependent 
efflux of methotrexate in L1210 leukemia cells. 
Evidence for the role of an ATPase obtained with 
inside-out plasma membrane vesicles. J Biol Chem 267: 
1474614752, 1992. 
Sirotnak FM, Schmid FA, Samuels LL and DeGraw 
JJ, lo-Ethyl-lo-deaza-aminopterin: Structural design 
and biochemical, pharmacologic and antitumor proper- 
ties. NCZ Monog 5: 127-131, 1987. 
Pizzorno G, Sokoloski J, Cashmore AR, Moroson BA, 
Cross AD and Beardsley GP, Intracellular metabolism 
of 5,10-dideazatetrahydrofolic acid in human leukemia 
cells. Mol Pharmacol39: 85-89, 1991. 
Jackman AL, Taylor GA, Gibson W, Kimbell R, 
Brown M, Calvert AH, Judson IR and Hughes LR, 
ICI D1694, a quinazoline antifolate thymidylate 
synthase inhibitor that is a potent inhibitor of L1210 
tumor growth in vitro and in oiuo: A new agent for 
clinical study. Cancer Res 51: 5579-5586, 1991. 
Horio M, Gottesman MM and Pastan I, ATP- 
dependent transport of vinblastine in vesicles from 
human multidrug-resistant cells. Proc Nat1 Acad Sci 
USA 85: 3580-3584, 1988. 
Kamimoto Y, Gottesman MM, Hsu J and Arias IM, 
The function of GP170, the multidrug resistance gene 
product in cat liver molecular membrane vesicles. J 
Biol Chem 264: 11693-11698, 1989. 
Lineweaver H and Burk D, The determination of 
enzyme association constants. J Am Chem Sot 56: 658- 
666, 1934. 
Dixon M, The determination of enzyme inhibitor 
constants. Biochem J 55: 170-177, 1953. 
Sirotnak FM, Goutas LJ, Jacobsen DM, Mines LS, 
Barrueco JR, Gaumont Y and Kisliuk RL, Carrier- 
mediated transport of folate compounds in L1210 cells. 
Initial rate kinetics and extent of duality of entry 
routes for folic acid and diastereomers of 5. 
methyltetrahydrofolate in the presence of physiological 
anions. Biochem Pharmacol36: 1659-1667. 1987. 
Samuels LL, Moccio DM and Sirotnak FM, Similar 
differential for total polyglutamylation and cytotoxicity 
among various folate analogues in human and murine 
tumor cells in uitro. Cancer Res 45: 1488-1495, 1985. _. 

19. Slrotnak FM, Chello PL and Brockman RW, Potential 
for exploitation of transport systems in anticancer drug 
design. Methods Cancer Res 16: 381-442, 1979. 

20. Sirotnak FM and DeGraw JI, Selective antitumor 
action of folate analogs. In: Folate Antagonisfs as 
Therapeutic Agents (Eds. Sirotnak FM, Burchall JJ, 
Ensminger WD and Montgomery JA), Vol. 2, pp. 43- 
91. Academic Press, New York, 1984. 

21. Sirotnak FM, Otter GM, Piper JR and DeGraw JI, 
Analogs of tetrahydrofolate directed at folate- 
dependentpurine biosyntheticenzymes. Characteristics 

Pharmacol Ther 8: 41-103, 1980. oi mediated entry and transport-related resistance in 



Folate compound efflux in L1210 cell vesicles 1433 

L1210 cells for 5,10-dideazatetrahydrofolate and two 23. Schlemmer SR and Sirotnak FM, Retentiveness of 
lo-alkyl derivatives. Biochem Pharmacol 37: 4775- 
4777, 1988. 

methotrexate polyglutamates in cultured L1210 cells. 
Evidence against a role for mediated plasma membrane 

22. Jansen G, Schornagel JH, Westerhof GR, Rijksen G, transport outward. Biochem Pharmacol45: 1261-1266, 
Newell DR and Jackman AL, Multiple membrane 1993. 
transport systems for the uptake of folate-based 
thymidylate synthetase inhibitors. Cancer Res 56: 7544- 
7548, 1990. 


