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Summary. The effect of various anions on the mediated influx 
and efflux of [3H]methotrexate by L1210 cell plasma membrane 
vesicles in a HEPES buffer system was studied. Our results 
show that flux is stimulated to the same extent in either direction 
when SO4, Pi, or  folate compounds (1,L5-CHO-folate-H4, 
methotrexate), but not CI was present in the opposite compart- 
ment. This implies the property of directional symmetry, a con- 
dition in which differential mobility of loaded and unloaded carri- 
ers occurs in both directions. We also observed a similarity in the 
specificity of the interaction between various anions and carrier 
in each orientation of the membrane, in the order, CI "~ Pi ---- 
SOl  <~ methotrexate < I,L5-CHO-folate-H4. Also, the absolute 
differential in mobility of loaded and unloaded carrier (assumed 
from the extent of transstimulation obtained) varied substantially 
among the anions examined. No stimulation was obtained with 
CI , and stimulation was twofold with Pi, $04  and methotrexate 
and fourfold with l,L5-CHO-folate-H4. Transstimulation of flux 
from either external or internal compartment only occurred 
when a positive gradient of total anions was maintained in the 
opposite compartment. Also, no stimulation occurred when the 
same equivalence of two different anions are present in opposing 
compartments. The concentration of anions required to transsti- 
mulate [3H]methotrexate influx was increased four- to 10-fold 
when vesicles were equilibrated in 145 mM NaC1. These results 
suggest that under physiological conditions, concentrative up- 
take of methotrexate in intact LI210 cells as a result of anion 
exchange would require a large positive gradient in the total 
concentration of internalized anions. 
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Introduction 

The folate analog, methotrexate, is accumulated in 
tumor cells by a system which normally transports 
5-methyltetrahydrofolate [reviewed in references 
4,17]. In L1210 cells transport of this analog is 
markedly influenced [4-9] by a variety of inorganic 
and organic anions. Since methotrexate influx was 
competitively inhibited [4] by these anions, it was 

postulated by Goldman [4] that a similar interaction 
at the inside orientation might occur and entry of 
this and other folate compounds could be mediated 
by an anion-exchange mechanism in which anion 
gradients might serve as an energy source for con- 
centrative uptake. This observation was confirmed 
later by other workers [5-9] who also showed that 
efflux under certain conditions was enhanced by the 
addition of anions to the external compartment. 
Possible physiological exchange anions have been 
proposed [4-9] which include phosphate, bicarbon- 
ate and AMP or related compounds. However, di- 
rect exchange of intracellular phosphate or other 
anions with extracellular methotrexate has not been 
demonstrated and appreciable concentrative uptake 
of this analog was only observed [5-9] when anions 
were excluded from the suspending medium. Thus, 
a role, if any, for these interactions under physio- 
logical conditions existing in vivo is uncertain. 

In a further attempt to examine this question we 
have studied the effects of various anions on the 
kinetics of mediated flux of methotrexate in plasma 
membrane vesicles isolated from L1210 cells. These 
membrane preparations were found in our earlier 
studies [19-21] to be devoid of any metabolic poten- 
tial for folate compounds. In contrast to that seen 
with intact L1210 cells [2, 3] under physiological 
conditions, transport of this folate analog by the 
reduced folate system in these membrane vesicles 
[19-21] is equilibrating, bidirectional and shows 
characteristics of facilitated diffusion. Also, it is 
possible in this isolated membrane system to 
transload the internal compartment with individual 
anions and measure effects [19-21] on the medi- 
ated entry of methotrexate and other folate com- 
pounds. Our results show, that during transport of 
methotrexate by this system, flux is stimulated to 
the same extent when anions are present in either 
the internal or external compartment. This implies 
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the property of directional symmetry, a condition in 
which differential mobility of loaded and unloaded 
carrier occurs in both directions. We also observed 
a similarity in the specificity of the interaction be- 
tween carrier and various anions in each orientation 
of the membrane. Also, the absolute differential in 
mobility of loaded and unloaded carrier varied sub- 
stantially among the anions examined. Our results 
also suggest that concentrative uptake of metho- 
trexate in intact L1210 cells as a result of anion 
exchange would appear to require a positive gradi- 
ent in the total concentration of anions in the inter- 
nal compartment. 

Materials and Methods 

[3H]Methotrexate at a specific activity of 20 Ci/mmol was pur- 
chased from Moravek Biochemicals, Brea, Calif. 3-O-[14C] - 
Methyl-D-glucose at a specific activity of 58.9 mCi/mmol was 
purchased from Amersham/Searle, Chicago, Illinois. [3H]lnulin 
with a specific activity of 0.48 nCi/mg was obtained from ICN 
Pharmaceutical Co., Irvine, Calif. Ultrapure sucrose (Schwarz/ 
Mann) was used for preparing the density gradients. Methotrex- 
ate and dl,L-5-formyltetrahydrofolate were provided by the 
Drug Synthesis and Procurement Branch, Division of Cancer 
Treatment, National Cancer Institute, Bethesda, Md. 
[3H]Methotrexate was purified prior to use by high-performance 
liquid chromatography [1]. Radiochemical purity of the final 
preparation was >97%. Aliquots of purified material were stored 
at -70~ HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesul- 
fonic acid, obtained from Sigma Biochemicals, St. Louis, Mo. 
All other chemicals were reagent grade. 

SOURCE OF CELLS 

Ll210 cells (L1210/V/C0 were obtained by transplantation [12] 
in BD2FI mice. Ascites suspension was harvested in cold (0 ~ 
buffered isotonic saline (0.14 M NaCI + 0.01 M sodium phos- 
phate, pH 7.4) from the peritoneal cavity 5 to 6 days after trans- 
plantation. Contaminating red blood cells were removed by re- 
peated washing of the tumor cell suspension with cold (0 ~ 0.17 N 
NH4C1 and then with 0.14 M NaCI [16]. 

PLASMA MEMBRANE ISOLATION 

The method of Hochstadt et al. i l l ]  was employed with some 
modifications [19-21] for the isolation at 0 ~ of L1210 cell plasma 
membranes following mechanical disruption of washed cells 
while suspended in 10 mM sodium phosphate (pH 7.0) containing 
0.9% NaC1, 1 mM CaCI, 1 mM MgCI2 and 0.5 M hexylene glycol. 
The final washed membrane pellets were resuspended in 50 m~,f 
potassium phosphate buffer, pH 7.4, containing 150 mM sucrose 
or in 20 mM HEPES, pH 7.4, containing 2 mM MgCI2 and 225 mM 
sucrose (HMS buffer) and stored at 70~ until used. At pH 7.4, 
the proportion of HEPES:HEPES-Na in 20 mM HMS buffer is 
1.0 : 0.77. A determination of purity of membrane preparations 
by marker enzyme analysis and electron microscopy has been 
described [21]. 

These membrane preparations are devoid of any potential 

for metabolism of methotrexate or natural folate compounds as 
determined [19-21] by their chromatographic recovery following 
incubation with these preparations. They were also found in the 
current study to be devoid of any measurable dihydrofolate re- 
ductase activity using conventional assay methods [17]. This was 
also inferred from the results of our prior studies [19] showing 
that less than 2% added [3H]methotrexate associating with vesi- 
cle preparations is bound to macromolecules. 

TRANSPORT ASSAY 

The membrane vesicle suspension was diluted and equilibrated 
in PBS buffer (50 mM potassium phosphate, 100 mM NaCI and 
150 mM sucrose, pH 7.4) or HMS buffer (20 mM HEPES, 2 mM 
MgCI2 and 225 mM sucrose) for 30 min at the required tempera- 
ture and the experiment initiated by adding [~H]methotrexate to 
a final volume of 0.1 ml. The membrane protein concentration in 
different experiments varied from 0.1 to 0.2 mg per tube. Incuba- 
tion was terminated by 20-fold dilution with 0.8 M NaCI and then 
immediately filtering through 25 mm microporous filters (0.2 mi- 
cron, Amicon). After washing 3 times with 0.8 M NaCI, the filter 
was dried in air and the radioactivity remaining measured in 
Aquassure (N.E. Nuclear) by scintillation spectrophotometry 
with a counting efficiency of 30% for 3H in the presence of the 
filter. Loss of intravesicular tritium by passage of intact vesicles 
through the filter or by disruption amounts to approximately 10% 
of the total tritium. This was determined from the recovery of 
radioactivity in vesicles washed by centrifugation v e r s u s  filtra- 
tion and from a measurement of the protein in the eluate after 
filtration. Concentrations for L-5-formyltetrahydrofolate are ex- 
pressed as the natural (1) diastereoisomer based upon previous 
studies [18] from our laboratory which have shown the high- 
affinity carrier system in intact L1210 cell exhibited, during in- 
flux, stereospecificity at carbon 6 of L-5-formyltetrahydrofolate. 
The data obtained is corrected for tritium (0.1 to 0.2 pmol) sub- 
strate/mg membrane protein associating with washed vesicles 
after 10 sec incubation at 0 ~ which is presumed to represent 
surface adsorption. Measurements of effects on influx during 
exchange diffusion experiments were made by transloading of 
vesicles by preincubation for 30 min with the nonradioactive 
exchange anion in HMS buffer. All of the anions examined in 
this study were employed in the form of the sodium salt. So- 
dium phosphate solution at pH 7.4 was prepared as 
NaHzPO4 : Na2HPO4 in a proportion of 1.0:4.3. 

Efflux of [3H]methotrexate was studied by transloading ves- 
icles with this analog for 30 rain at 37~ and diluting in cold (0 ~ 
transport buffer. After centrifugation the vesicles were washed 
once with transport buffer and resuspended in transport buffer 
(extravesicular/intravesicular volume = 100 to 200) and aliquots 
removed at varying times after incubation at 37~ and processed 
as described above. 

OTHER ANALYTICAL METHODS 

Measurements of intravesicular and intervesicular volume by 
double-labeling with [3H]inulin and [14C]-3-O-methyl-D-glucose 
were made by the method of Hissin and Hilf [10]. Values derived 
from an average of four determinations on different preparations 
was 3.22 -+ 0.62 (PBS buffer) and 4.03 -+ 0.58 (HMS buffer) per 
mg membrane protein. Protein concentration was measured by 
the method of Lowry et al. [13] using bovine serum albumin as a 
standard. 
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Fig. 1. Time-courses for intravesicular [3Hlmethotrexate accu- 
mulation at 37~ in phosphate-saline (PBS) and HEPES (HMS) 
buffers. Aliquots of vesicle suspension were diluted in cold (0 ~ 
PBS or HMS and 2 ~M [3H]methotrexate added immediately or 
at varying times after (HMS) incubation at 37~ Samples were 
removed at varying times after incubation with [3Hlmetho- 
trexate. Additional details are given in the text. SE of the mean 
did not exceed _+ 14% (n = 3) 
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Fig. 2. Time courses for intravesicular [-~H]methotrexate accu- 
mulation at 37~ in PBS buffer or HMS buffer with or without 
various anions. Aliquots of vesicles were equilibrated for 30 rain 
at 37~ in PBS, HMS or HMS plus 20 mM of each anion. Then, 2 
p ~  [3H]methotrexate was added and samples removed at vary- 
ing times after incubation at 37~ P~ = H2PO;- : I2IPO~ (1 : 4.3). 
Additional details are provided in the text. sE of the mean did not 
exceed + 16% (n = 4) 

Results 

GENERAL CHARACTERISTICS OF INTRAVESICULAR 

[3H]METHOTREXATE ACCUMULATION 

As already documented in earlier studies [1%21] 
from this laboratory, folate compound accumula- 
tion in L1210 cell plasma membrane vesicles ex- 
hibits a complex time course. Uptake at 37~ is bi- 
exponential and characterized by an initial rapid 
phase followed within a few minutes by a slower 
phase until steady state is reached 4 to 5 hr later. 
For [3H]methotrexate, values for tl/2 obtained by the 
method of exponential stripping are approximately 
1 rain (rapid phase) and 36 to 38 rain (slow phase). A 
typical time course for accumulation of this com- 
pound by vesicles suspended in PBS buffer is given 
in Fig. 1. The bi-exponential nature of this time 
course appears [19] to represent dual-compartment 
behavior in which two vesicular compartments of 
approximately equal volume in a parallel relation- 
ship show different accessibility to folate sub- 
strates. Similar compartmental behavior was also 
shown [19] for efflux by these substrates. From the 
results of these prior studies [19] it was concluded 
that the total intravesicular volume is accessible to 
substrate by simple diffusion alone, but only a frac- 
tion of the vesicles were competent for carrier- 
mediated transport. 

As also seen in Fig. I, resuspension of vesicles 
normally maintained in PBS buffer into HEPES 

buffer (HMS) prior to the addition of [3H]metho- 
trexate had a profound effect on the time course of 
accumulation. Initial accumulation of pH]metho- 
trexate was more rapid and a high level of accumu- 
lation was obtained which was only transiently 
maintained. Preincubation of vesicles in HMS prior 
to the addition of [3H]methotrexate resulted in a 
diminution of these effects. By 30 min of preincuba- 
tion the system was apparently stabilized since fur- 
ther preincubation did not alter the time course in 
HMS. Preincubation at 0 ~ did not eliminate (data 
not shown) the effect of [3H]methotrexate accumu- 
lation observed in HMS buffer. The time course for 
intravesicular accumulation after 30 rain of preincu- 
bation in HMS showed characteristics similar to 
those obtained in PBS. However, the rate of initial 
accumulation was higher and steady-state levels 
were somewhat greater. This latter difference can 
probably be accounted for by the fact that intravesi- 
cular volume per mg of membrane protein in HMS 
was larger (see Materials and Methods section) than 
in PBS. 

EFFECT OF INTERNALIZED ANIONS 

ON THE INTRAVESICULAR ACCUMULATION 

OF [3H]METHOTREXATE 

Transloading of various inorganic anions was car- 
ried out by incubating vesicles prepared in HMS for 
30 rain in the presence of anion. This transloading 
period was chosen on the basis of data given in Fig. 
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1 which suggests that the system would be stabi- 
lized within 30 min. Both SO4 z- and Pi transloaded at 
10 mM in this fashion were found to stimulate (see 
Fig. 2) intravesicular accumulation of [3H]metho- 
trexate. However, CI- when transloaded at a con- 
centration of 40 mM had no effect on accumulation 
when compared to HMS alone. Also, [3H]metho- 
trexate accumulation in vesicles equilibrated in 
HMS was greater than the same vesicles equili- 
brated in PBS. 

The effect of internalized anion on the initial (0 
to 30 sec) uptake of [3H]methotrexate at varying 
concentrations in vesicles equilibrated in HMS was 
subjected to the analysis shown in Fig. 3. In vesi- 
cles transloaded with SO 2- or Pi (data not shown) 
the value for influx K,, was unaffected but influx 
V,~• was increased twofold. Although we have re- 
ported [20] similar effects of transloaded folate 
compounds in a PBS buffer, it was of interest to 
derive similar data in HMS buffer. Transloading of 
5-formyltetrahydrofolate (10 ~M as l,L5-formyl- 
tetrahydrofblate) increased influx Vma x for 
[3H]methotrexate almost fourfold (see Fig. 3). 

We also derived related data on the relative po- 
tency of various anions following transloading for 
stimulating influx of [3H]methotrexate. Again, all of 
these experiments were carried out in HMS follow- 
ing a transloading period of 30 min in the presence 
of varying concentrations of anion and followed by 
washing in cold (0 ~ HMS. These data are expressed 
as that concentration required for �89 maximum stim- 
ulation i, (Kstim) and are summarized in Table 1 along 

with other data on V~ax obtained with each anion. It 
can be seen that values for both kinetic parameters 
varied among the different ions. Values for in Kstim for 
both SO 2- and Pi were similar and in the range of 1 
mM. Corresponding values for in V~a,~ for vesicles 
transloaded with these anions were both approxi- 
mately twofold higher than control values. C1- at 
the concentrations examined had no effect on 
[3H]methotrexate influx. On the other hand, both 
folate compounds were the most potent anions ex- 
amined for stimulating influx of this folate analog. 
Values obtained for Kstimm were in the txM range and 

in Vmax was increased twofold and three- to fourfold, 
respectively, for transloaded methotrexate and 5- 
formyltetrahydrofolate. 

EFFECTS OF EXTERNAL ANIONS ON THE INITIAL 

RATE OF ENTRY OF [3H]METHOTREXATE 

IN VESICLES 

Inhibition of [3H]methotrexate influx in HMS buffer 
was determined for the various anions and results 
expressed as values for KI .n in Table 1. Of the inor- 
ganic anions, CI- was least potent as a competitive 
inhibitor of [3H]methotrexate influx. Inhibition by 
SO]- and Pi was much greater and values for Ki n 
were in the range of 1 to 2 mM, similar to that de- 
rived for corresponding values in ofKstim. Both folates 
were good inhibitors (/xM range) of [3H]methotrex- 
ate influx, with the natural folate compound being 
the more potent of the two. Also, values for KI" in 
each case were similar to values in for Kstim (Table 1). 
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Fig. 3. Kinetic analysis of the effect of transloaded SO]- and 
1,L5-formyltetrahydrofolate on initial 30-sec influx of 
[3H]methotrexate at 37~ in membrane vesicles. Aliquots of ves- 
icle suspension were equilibrated for 30 min in HMS with and 
without 10 mM SO]- or 10/xM 1,L5-formyltetrahydrofolate and 
then incubated for 30 sec at 37~ in various concentrations of 
[3H]methotrexate. Additional details are provided in the text and 
legend of Fig. 2. sg of the mean did not exceed -+ 13% (n = 5). 
Abbr: 5-CHO-folate H4, 1,L5-formyltetrahydrofolate 

EFFECTS OF EXTERNAL ANIONS ON MEDIATED 

E F F L U X  OF [3H]METHOTREXATE FROM VESICLES 

As already described for the time course for 
[3H]methotrexate influx, efflux of this and other fo- 
late compounds from membrane vesicles also ex- 
hibits [19, 20] a complex time-course characteristic 
[19] of dual-compartmental behavior. Therefore, in 
order to accurately quantitate the effect of anions in 
the external compartment on the mediated compo- 
nent of this efflux time course, it is necessary to 
derive data in the form of individual rate constants. 
Efflux time courses were obtained for [3H]metho- 
trexate from vesicles held in HMS in the presence 
or absence of two anions (SO]- and 5-formyltetra- 
hydrofolate) in the external compartment~ A decay- 
time analysis of this data is shown in Fig. 4. Values 
for the corresponding rate constants for mediated 
efflux (rapid initial component) were derived from 
this data by the method of "exponential stripping" 
and are given in Table 1 along with data for other 
anions. With the exception of C1- the addition of 
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anions in the external compartment stimulated 
[3H]methotrexate efflux measured at 37~ from 
transloaded vesicles. No efflux from vesicles oc- 
curred in the presence or absence of anions at 0 ~ 
Values for �89 maximum stimulation ee (Kst im)  w e r e  
found to be similar to values for KI  -n, that is, values 
for SO4 2- and Pi were in the mM range and those for 
both folate compounds were in the/XM range. Maxi- 
mum stimulation (K~a~) was approximately twofold 
for P~, SO 2- and methotrexate, but greater than 
threefold for 5-formyltetrahydrofolate. These val- 
ues approximated that obtained for in Vm~x for the 
same anions during [3H]methotrexate influx (Table 
1). No stimulation of efflux was observed when the 
same concentration of SO ]- or the equivalence in Pi 
was present in the internal compartment. 
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F i g .  4 .  Decay-t ime analysis  of  data  obtained during efflux of 
pH]metho t rexa te  in the presence  and absence  of  anions in the 
external  compar tment .  Vesicles were t ransloaded with 10 /xM 
[3H]methotrexate in HMS washed  at 0 ~ resuspended  in HMS _+ 
10 mM SO]- or 10/xM 1,L5-formyltetrahydrofolate and aliquots 
removed  after varying periods of  incubation at 37~ Additional 
details are given in the text.  SE of  the mean  was less than _+ 13%. 
Abbr: 5-CHO-folate H4, 1,L5-formyltetrahydrofolate 

F U R T H E R  E V I D E N C E  FOR 

D I R E C T I O N A L  S Y M M E T R Y  OF E F F E C T S  OF A N I O N S  

ON M E D I A T E D  F L U X  OF [ 3 H ] M E T H O T R E X A T E  

The similarity of transstimulation of influx and ef- 
flux of [3H]methotrexate by anions was verified in 
the following experiment in which the effect on in- 
travesicular accumulation of saturating concentra- 
tions of P~ in each compartment alone or together 
was determined. From the results (Fig. 5) it is seen 
that stimulation of initial influx and intravesicular 
accumulation occurred when vesicles were 
transloaded with this anion. However, when the 
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Fig. 5. The effect of  anions in the intravesicular  and extravesicu-  
lar compar tmen t  on the time course  of accumulat ion at 37~ of 
[3HJmethotrexate. Vesicles equilibrated in HMS or t ransloaded 

with 50 mM Pi[H2PO4 + HP6~ (1 : 4.3)] were incubated at 37~ 
with 2 ~M [3H]methotrexate in HMS,  HMS plus 50 mM SO ]- and 
aliquots removed  at varying t imes thereafter.  Additional details 
are given in the text.  SE of  the mean  was less than • 16% (n = 3) 

Table 1. The effect of  anions  on various kinetic parameters  of  [3H]methotrexate influx and efflux in L1210 cell p lasma memb ran e  
vesicles a 

A n i o n  KI ~ Ksetfim K~ax Kis~im V~ax 

(p.M) (/.tM) (min -~) (/zM) (pmol/min/mg protein) 

None - -  - -  0.116 • 0.2 - -  3.33 • 0.4 
Chloride 28,230.0 + 3900 c 0.112 • 0.03 c 3.54 • 0.4 
Phosphate  b 971.0 _+ 136 1,235.0 _+ 192 0.239 • 0.04 1,320.0 +_ 310 6.58 • 0.9 
Sulfate 1,520.0 • 208 1,790.0 • 135 0.228 • 0.03 1,560.0 _+ 232 5.65 • 0.8 
Methot rexate  2.63 -+ 0.3 2.51 • 0.4 0.233 -+ 0.04 4.23 • 0.4 6.85 • 1.1 
5-CHO-folate H4 1.24 • 0.2 1.38 -+ 0.2 0.373 • 0.05 0.89 • 0.1 12.10 -+ 1.9 

a Influx and efftux of  PH]metho t rexa te  was measured  at 37~ in aliquots of  membrane  vesicles suspended  in HMS buffer  (pH 7.4). 
Values for competi t ive inhibition of  influx (Kin), �89 max imum stimulation of efflux ef ef (K+~im) and m a x i m u m  efflux (Kmax) from vesicles 
t ransloaded with [3H]methotrexate were derived from data obtained in vesicles incubated in the presence or absence  of  anions in the 
external  compar tment .  Values for k m a x i m u m  stimulation of  influx and max imum influx (V~,x) were derived from data obtained in 
vesicles t ransloaded with [3H]methotrexate with or without anions in the internal compar tment .  Average  + SE of the mean  (n = 3 to 5). 
Abbr: 5-CHO-folate H4, 1,L5-formyltetrahydrofolate.  
b Phospha te  exists  as HzPO4 and HPO42- in a proportion of 1 : 4.3 at pH 7.4. 
c No  st imulat ion was obtained at chloride concentrat ions  as high as 100 mM. 
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Fig. 6. The effect of  intravesicular  P~ on the initial influx of 
[3H]methotrexate in the presence and absence  of chloride. Vesi- 
cles were t ransloaded with varying concentrat ions of Pi in HMS 
or in chloride (total anion concentrat ion was maintained iso- 
tonic). Vesicles in HMS + P~ were resuspended  in HMS and 
vesicles in chloride + P~ were resuspended  in isotonic chloride, 2 
txM [3H]methotrexate was added and samples removed after 30- 
sec incubation at 37~ sE of the mean  was less than • 14% 
(n = 3) 

same concentration of Pi was maintained in both 
external and internal compartments, no stimulation 
of initial influx occurred and the time course for 
accumulation resembled that obtained in PBS (Fig. 
2). A similar result was obtained (Fig. 5) when the 
same ionic equivalence of SO~- was present in the 
extracellular compartment of vesicles transloaded 
w i t h  Pi or vice versa  (data  not  shown) .  Pi in the 
external compartment alone at a concentration sub- 
stantially higher than the Ki n did not completely 
eliminate entry of [3H]methotrexate. A similar 
result is observed when time courses for [3H]metho- 
trexate entry were measured (Fig. 2) in PBS versus  
HMS. The smaller than expected effect of high con- 
centrations of anion on initial influx and intravesicu- 
lar accumulation of [3H]methotrexate can be par- 
tially explained by the fact that in vesicles 
equilibrated in the presence of anion, stimulation of 
influx will offset the inhibitory effect of external 
anion. It is also probable that some entry of 
[3H]methotrexate is mediated by a poorly saturable, 
high Vma x system also transporting folate com- 
pounds which was delinated [20] in our earlier stud- 
ies with these vesicle preparations. If this system, 
which has low affinity for all folate compounds, also 
has a relatively lower affinity for other anions, then 
a small, but measurable, fraction of [3H]methotrex- 
ate influx would be unaffected by these concentra- 
tions of anions. 
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Table 2. The effect on [3H]methotrexate influx of anions 
t ransloaded in vesicles with and without chloride 

Transloaded No chloride" With chloride b 
anion Kis]im in K stim 

(tZM) (~M) 

Phosphate  1,348.0 • 231 14,900.0 -+ 2230 
Sulfate 1,620.0 • 289 16,200.0 • 2890 
Methotrexate  3.19 -+ 0.5 24.6 • 5.5 
5-CHO-folate-H4 c 1.04 • 0.2 4.34 • 0.7 

Influx was measured  by incubating vesicles with 2 ~tM 
[3H]methotrexate when  in HMS after t ransloading with test  an- 
ion. Average  -+ SE of the mean  (n = 3 to 5). 
b Influx was measured  in 145 mM NaC1 in vesicles transloaded 
with 145 mM NaC1 at a concentrat ion which maintained ionic 
equivalence.  Average  • SE of  the mean  (n = 3 to 5). 

Abbr: 5-CHO-folate H4, 1,L5-formyltetrahydrofolate.  

T R A N S S T I M U L A T I O N  OF [ 3 H ] M E T H O T R E X A T E  

I N F L U X  BY Pi IN T H E  P R E S E N C E  

OF A P H Y S I O L O G I C A L  C 1 -  C O N C E N T R A T I O N  

Although low concentrations of either SO4 z or Pi 
are stimulatory to [3H]methotrexate influx in vesi- 
cles equilibrated in HMS buffer, it was also of inter- 
est to determine the stimulatory potency of these 
anions in the presence of C1- which is the anion 
predominating under physiological conditions. Ves- 
icles were transloaded with isotonic C1- or isotonic 
mixtures of C1- and POe- and resuspended in iso- 
tonic C1- with 2 /xg [3H]methotrexate. From the 
data shown in Fig. 6 it can be seen that, although 
the maximum stimulation obtained was the same, 
much higher concentrations of Pi were required for 
stimulation of [3H]methotrexate influx in the pres- 
ence of internalized CI-. Values for in Kstim in this 
case were approximately 10 times greater than the 
same value derived in the absence of C1-. Similar 
results were also obtained with SO 2-, methotrexate 
and 5-formyltetrahydrofolate when transloaded 
with isotonic C1-. Data for K1s~im from this group of 
experiments are summarized in Table 2. The differ- 
ence in stimulation obtained in the presence versus  
absence of C1- was greatest in the case of both inor- 
ganic anions and less in the case of the folate com- 
pounds. 

Discussion 

The results presented here which were derived with 
L1210 cell plasma membrane vesicles confirm many 
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of the results of earlier [4-9] studies with intact 
L1210 cells reported elsewhere. That is, under cer- 
tain conditions, anions can be shown to be competi- 
tively inhibit methotrexate influx and stimulate the 
efflux of this folate analog. Also, the specificity and 
relative potency of various anions appear to be sim- 
ilar [5-9] for both interactions. Although, a larger 
number of anionic species were employed in the 
prior [4-9] studies, our own results extend these 
earlier studies substantially, particularly with re- 
gard to data pertaining to anionic interactions with 
this transport system on the inside orientation. Both 
SO]- and Pi interact with this system and exchange 
with [3H]methotrexate during both influx and ef- 
flux. Similar effects were also shown for methotrex- 
ate and 5-formyltetrahydrofolate, but these inter- 
acted with much higher potency than the inorganic 
anions. Of the anions examined, CI- was the least 
potent inhibitor of [3H]methotrexate influx and did 
not stimulate flux in either direction, a result in con- 
trast to earlier findings [5-9] with intact L1210 cells. 
It was also of interest to note, that the stimulation of 
flux exhibited the property of directional symmetry. 
That is, flux was stimulated in each direction and to 
the same extent. Further evidence that the extent of 
transstimulation of flux was anion specific was also 
obtained in the form of data on the differential in 
stimulation between methotrexate and 5-formyl- 
tetrahydrofolate. These results could relate to dif- 
ferences in net charge and (or) lipophilicity of these 
anions. However, it is clear that the absolute differ- 
ential in mobility of loaded v e r s u s  unloaded carrier 
can vary substantially with the loading anion. Al- 
though the extent of these interactions in affecting 
carrier mobility most likely reflects some physical 
property as yet unidentified of this system, or a pu- 
tative carrier, it is not yet possible to interpret these 
results mechanistically in the context of other 
carrier-mediated membrane transport processes. 
Although, differential mobility of loaded and un- 
loaded carrier is a property common to many trans- 
port systems [14, 15], apparently, it is not [14, 15] 
an inherent property of facilitated transport in 
general. 

The directional symmetry observed during 
these studies with this isolated membrane system is 
compatible with the notion of a simple model for 
methotrexate transport in which a single carrier ac- 
counts for flux of this analog in each direction. Both 
fluxes are limited by the return of the same empty 
carrier from the opposite orientation. These results 
are also consistent with prior studies [19, 20] from 
our laboratory with this isolated membrane system. 
In contrast, evidence for the operating of a second 

carrier system, which preferentially mediates 
methotrexate efflux in physiologically competent 
intact L1210 cells, was presented in earlier [2, 3] 
reports from our laboratory. 

Although a physiological role of these anionic 
interactions on the transport of folate compounds in 
L1210 cells has not been excluded by the results of 
these studies, it is difficult to envision a role for an 
exchange anion in concentrative uptake of metho- 
trexate. Such a role has been proposed for P~. How- 
ever, in view of our results which are suggestive of 
a much weaker interaction of specific anions with 
this transport system in a normal physiological en- 
vironment where other anions predominate, this 
would appear unlikely. The concentration of this 
anion normally found [6] in intracellular water is 
only in the range of 3 mM, a concentration we have 
found to be well below that necessary to signifi- 
cantly stimulate folate compound influx in the pres- 
ence of physiological levels of C1-. Alternatively, 
organic mono-phosphates have also been suggested 
[4-9] as possible physiological exchange anions. Al- 
though, this transport system in intact L1210 cells 
displays relatively high affinity [4-9] for these or- 
ganic anions, at least in the outside orientation, the 
same limitations as to a possible effect similar to 
that described for inorganic anions would also apply 
under physiological conditions. 

Finally, although it is probable that the effects of 
anions on methotrexate transport observed in this 
and earlier studies by others [4-9] are due to com- 
petitive binding of both categories of anions at the 
same or overlapping sites on a putative carrier, it 
should be pointed out that other explanations for 
some of these effects have not been entirely ruled 
out. In particular, the fact that very large concentra- 
tions of anions do not block mediated influx of 
[3H]methotrexate to the extent predicted by a 
purely competitive model argues that other expla- 
nations should also be considered. For example, 
one might hypothesize that inorganic anions do not 
interact directly with the carrier at all, but rather 
that the ionization or solvation of the substrate (i.e. 
methotrexate) on the carrier is affected by the pres- 
ence of various anions. Also, anions may cause 
changes in electrochemical potential of the sub- 
strate which would alter transport by increasing or 
decreasing the avidity of the binding of substrate to 
carrier on the inside v e r s u s  the outside of the mem- 
brane. We do not suggest that the more conven- 
tional view is necessarily incorrect, but we do feel 
that additional and careful kinetic studies will be 
needed to eventually eliminate alternative possibili- 
ties. 
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