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Abstract- Influx kinetics and inhibitor specificity have been compared for the transport of methotrexate, 
5-methyltetrahydrofolate, and folate in CCRF-CEM human lymphoblastoid cells. Influx of each folate 
compound proceeded with approximately the same V,,, fluctuated in the same fashion with the ionic 
composition of the medium, and was blocked by low concentrations of an N-hydroxysuccinimide ester of 
methotrexate in both an anion-deficient buffer and in a buffered saline medium containing physiological 
concentrations of glucose and bicarbonate. Moreover, methotrexate influx was inhibited by 5-methyl- 
tetrahydrofolate and folate, and the inhibition constants (Ki) of the latter compounds were equivalent to 
their Kg values for half-maximal influx. Folate influx was likewise inhibited by methotrexate. The Ki for 
methotrexate was equivalent to its K, for influx, and o-phthalate and phosphate each inhibited folate 
and methotrexate with the same degree of effectiveness. Various reversible and irreversible i~bitors 
reduced the influx of each folate substrate by >90%, and the progression of inhibition in each case was 
indicative of a single uptake component. Folate influx exhibited the same high sensitivity to inhibitors of 
methotrexate influx when measurements were performed at folate concentrations near the K, for influx 
(lO-.50’pM) or at concentrations approximating physiological conditions (5-20 nM).These results indicate 
that CCRF-CEM cells possess a single shared transport system for the uptake of methotrexate, 
S-methyltetrahydrofolate, and folate and that other high- or low-affinity uptake processes are not present 
in these cells. 

Considerable controversy has arisen regarding the 
number and identity of influx routes for folate com- 
pounds in L1210 and other tumor cell lines. While it 
has been generally accepted that a high affinity influx 
carrier mediates the uptake of 5methyltetrahydro- 
folate, 5formyltetrahydrofolate, and methotrexate 
[l-5], conflicting results have been obtained on whe- 
ther this carrier can also transport folate. The pre- 
sence of a separate influx route for folate had been 
supported by the observations that folate influx was 
relatively insensitive to potent inhibitors of the high- 
affinity system, such as methotrexate [2,6,7] andp - 
chloromercuriphenylsulfonate [8,9], and could be 
inhibited by adenine [lo], a compound which has no 
effect on the influx of methotrexate. Results of 
transport studies in plasma membrane vesicles also 
led to the conclusion that the high-affinity system for 
methotrexate does not have the capacity to transport 
folate and that folate uptake occurs via a totally 
separate route [ll]. Other findings, however, pro- 
vided evidence that folate may be transported by the 
methotrexate carrier system. In L1210 cells, a major 
portion of folate influx was found to be inhibited by 
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methotrexate [l, 121, while the efflux of methotrex- 
ate was shown to increase upon the addition of folate 
[13]. Similarities in inhibitor sensitivity also sup- 
ported a common influx route for folate and metho- 
trexate in Chinese hamster ovary cells [14]. 

Additional influx routes for folate compounds 
have also been proposed. A low-affinity influx system 
for methotrexate had been indicated in leukemic 
cells by the inability to saturate influx at high 
concentrations of [3H]methotrexate [2,15,X] and 
from a low sensitivity of methotrexate influx in 
transport mutants to inhibitors of the high-affinity 
system [17], whereas a high-affinity system had been 
observed in various cultured human cells for the 
cellular uptake of folate and S-methyltetrahydro- 
folate [18-201. Multiple influx routes for folate com- 
pounds are of interest since the efficacy of high-dose 
methotrexate chemotherapy in killing tumor cells 
might be enhanced if a low-unity, high-capacity 
transport system were available for methotrexate. 
Similarly, if folate and methotrexate enter cells via 
different routes, then resistance to methotrexate 
due to a reduction in transport might be over- 
come by the use of other antifolate compounds 
that can gain cell entry via a folate-specific route. 

Recent studies in L1210 mouse leukemia cells have 
provided a possible explanation for previous con- 
flicting results on the number and specificity of folate 
transport routes in tumor cells. It was observed that 
measurements of folate [21,22] and methotrexate 
[23,24] transport can be complicated by the presence 
of trace amounts of labeled pteridines [21,22] or p- 
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aminobenzoylglutamate [24] that arise during stor- 
age of 3H-labeled folate and methotrexate. Subse- 
quent use of highly purified substrates indicated that 
folate and methotrexate share a common transport 
system in LX?10 cells and that no other route is 
available for the uptake of these compounds [21,23]. 
It thus appeared that the alternative influx routes 
observed previously for folate and methotrexate may 
have been the direct result of interference by impuri- 
ties in the labeled substrate. 

The present study was undertaken to characterize 
the transport routes utilized for the influx of metho- 
trexate, 5methyltetrahydrofolate, and folate in 
CCRF-CEM human lymphoblasts. Influx kinetics 
and inhibitor specificity were compared for each 
folate substrate in an effort to separate and quanti- 
tate common or separate influx systems. The results 
indicate that CCRF-CEM cells contain only a single 
shared transport system for methotrexate, 5- 
methyltetrahydrofolate, and folate. Alternative 
uptake mechanisms involving a high-affinity folate 
binding protein, a low-affinity, high-capacity carrier 
system, or passive diffusion were not observed. 

Chemicals. [3’,5’,7,9-3H]Folic acid (0.5 Ciimmol), 
[3’,5’,7-3H]methotrexate (0.25 Ci/mmol), and [6R,S ]- 
5-[‘4C]methyltetrahydrofolate (0.12 Wmmol) were 
obtained from Amersham, while [3’,5’7,9-3H]folic 
acid (20 Ci/mmol) was obtained from Moravek Bio- 
chemicals. The 13H]folate and [3H]methotrexate 
were either employed at the initial specific activity or 
diluted with the corresponding unlabeled compound 
to 100,000 cpm/nmol and purified by thin-layer chro- 
matography on Baker-flex cellulose sheets. The sol- 
vents employed for purification were 50mM potas- 
sium HEPES*, pH 7.5, and 100mM potassium 
HEPES, pH 7.5, for (3H]folate and E3H]methotre- 
xate respectively. Labeled substrates were recovered 
from chromatography plates as described previously 
[22] by elution in the presence of ethanol. The 
[3H]folate (in 2% ethanol) was used immediately 
after purification, whereas the [3H]methotrexate (in 
10% ethanol) could be stored up to 1 month at -20”. 
Original stock solutions of [3H]folate and L3H]metho- 
trexate were stored at -80”. NHS-methotrexate was 
synthesized as described previously by activating 
methotrexate (in anhydrous dimethyl sulfoxide) with 
1-ethyl-(3,3-dimethylaminopropyl)carbodiimide in 
the presence of N-hydroxylsuccinimide [25]. 5-[14C] 
Methyltetr~yrofolate was purified by chromato- 
graphy at 4” on a column (1.8 x 30 cm) of DEAE- 
cellulose. Elution was achieved with a linear gradient 
of 0.1 M to 0.8 M potassium phosphate, pH 7.5, 
containing 50 mM 2-mercaptoethanol. 

Purity determinations. The purity of [3H]folate, 
[3H]methotrexate, and 5-[14C]methyltetrahydrcfo- 
late was evaluated as described previously [22] from 
the ability of the labeled substrates to bind a mem- 

* Abbreviations: HEPES. N-hydroxyethylpiperazine-N’- 
ethanesulfonate; MES, 2-(N-morpholino)ethanesulfonate; 
MHS, magnesium HEPES-sucrose buffer; HBS, HEPES- 
buffered saline; and NHS-methotrexate, N-hydroxysuc- 
cinimide ester of methotrexate. 

brane-associated folate-binding protein from Lacto- 
bacillus casei [26]. Samples containing up to 25 pmol 
of folate compound and a minimum of 0.001 $Zi 
of radioactivity were mixed with 3 X IO9 energy- 
depleted L. casei cells in 4.0ml (final volume) of 
100 mM potassium MES-5 mM MgClz, pH 6.0, and 
incubated for 60min at 0”. The cells were then 
collected by centrifugation at 30,OOOg (5 min, 4”), 
resuspended in 100~1 of water, and analyzed for 
radioactivity. Purity was defined as the percent of 
total added radioactivity that was bound by the ceils. 

Growth ofceffs. CCRF-CEM human lymphoblas- 
toid cells were grown in RPM1 1640 medium supple- 
mented with 5% fetal bovine serum (MA Biopro- 
ducts), 29 mg/liter of added glutamine, and 100 units 
each of penicillin and streptomycin, To obtain 
folinate-adapted cells, the stock culture was transfer- 
red from standard medium (which contains 2.2 PM 
folic acid) into foiate-free RPM1 1640 supplemented 
with dialyzed fetal bovine serum and 100 nM [6R,S ]- 
5-formyltetrahydrofolate and allowed to grow for 18 
generations. Folate-depleted cells were prepared 
similarly except that the S-formyltetrahydrofolate 
was omitted. Growth in the latter case was reduced 
by 5-fold after 5 generations. Cells employed in 
transport determinations were grown in sealed 2-liter 
flasks that contained 1 liter of medium and were 
inoculated with 3 x lo8 cells. After 48 hr at 37” (with 
gentle shaking), the cells were harvested by centrifu- 
gation at 1OOOg (5 min, 4”), washed with the desired 
buffer, and suspended to a density of 4 x 10’ ml. The 
suspending buffers were: HEPES-b~ered saline 
(HBS), 20 mM HEPES-140 mM NaCl-5 mM KCl- 
2 mM MgClz, pH 7.4, with NaOH; and magnesium- 
HEPES-sucrose (MHS), 20 mM HEPES-225 mM 
sucrose, pH 7.4, with MgO. 

Transport measurements. Transport at micromolar 
substrate concentrations was determined in duplicate 
assay mixtures containing cells (3 X lo’), the desired 
additions, [3H]folate (l~,~O cpminmol from a 
0.5 Ci/mmol stock solution), 2.OfM [3H]metho- 
trexate (100,000 cpm/nmol), or 5-[ 4C]methyltetra- 
hydrofolate (110,000 cpmnmol), and buffer in a final 
volume of 1.0 ml. After incubaton at 37” for the 
desired time, the cells were chilled to 0”, diluted 
to 4 ml with ice-cold saline (160 mM NaCl-1 mM 
sodium phosphate, pH 7.4), centrifuged at 1OOOg 
(5 min, 4*), washed with 4 ml of saline, resuspended 
in 0.5 ml of saline, and analyzed for radioactivity. 
Transport at nanomolar concentrations of [3H]folate 
was measured similarly except that the labeled sub- 
strate was derived from an undiluted stock solution 
with a specific activity of 2OC~mmol (16,0~,0~ 
cprn/nmoI). Unless otherwise stated, uptake at 0” 
served as the control. NHS-methotrexate treatment 
was accomplished by exposing freshly-harvested cells 
(in HBS) to 10 PM NHS-methotrexate for 10 min at 
23”. The cells were then collected by centrifugation, 
washed with 4 ml of the desired buffer, and analyzed 
for influx as described above. Influx was derived from 
the transport observed after incubation for 2, 3, or 
5 min at 37” (depending on the buffer and substrate 
employed) and was reported in pmol of substrate 
accumulated per min per mg protein. Uptake was 
reported in pmols or fmols of substrate accumulated 
per mg protein during the time interval indicated. 
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Concentrations of protein were determined by the 
biuret reaction [27] using bovine serum albumin as 
the standard. Maximal influx (Vet and the iu, for 
half-mammal influx were determined from double- 
reciprocal plots of intlux versus substrate concen- 
tration. Inhibition constants (Ki values) were deter- 
mined from Dixon plots of the inverse of influx versus 
inhibitor concentration. Reported values for V,,,, 
lu,, and li;‘i were the average of two or more separate 
determinations whose standard deviations were usu- 
ally less than 15%. 

RESULTS 

Purity of labeled substrates. Since [3H]folate and 
[3H]methotrexate are unstabie and can decompose to 
labeled pteridines that substantially complicate the 
analysis of transport kinetics [21-231, particular 
attention was given in the present study to the purity 
of the labeled substrates. Specific precautions inclu- 
ded the purchase of labeled compounds at the lowest 
available specific activity, storage of stock solutions 
at -80” in the presence of 10% ethanol, and re- 
purincaton of the [3H]folate immediately prior to use 
[22]. Impurities were also present in the 5- 
[‘4C]methyltetrahydrofolate. The range of impuri- 
ties was 5-23% (by the L. casei binding assay) in 
different samples, but they did not appear to inter- 
fere with uptake of the parent compound. This was 
deduced from the observations that measurements 
performed with [‘4C]methyltetrahydrofolate con- 
taining impurities of 23% or with substrate purified to 
radiochemical homogeneity by DEAE-cellulose 
chromatography gave the same lu, for influx and 
extent of in~bition by NHS-metho~exate. 

Transport kinetics for folate compounds. Figure 1 
shows the uptake of [3H]methotrexate (panel A), 5- 
[i4C]methyltetrahydrofolate (panel B), and [3HJfolate 
(panel C) by CCRF-CEM cells suspended in an 
anion-deficient buffer, in a saline buffer, and in a 
saline buffer after pretreatment with NHS- 
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Fp. 1. Time-dependent uptake of 13H]methotrexate (A), S- 
[’ C]methylte~a~ydrofolate (B), and [3H]folate (C) as a 
function of buffer composition and treatment with NHS- 
methotrexate. Pretreatment with NHS-methotrexate and 
transport measurements were performed at 37” as described 
in Materials and Methods. Substrate concentrations were 
as follows: [3M]methotrexate, 2.0 PM; [t4C]methyltetra- 
hydrofolate, l.OpM; and [3H)folate, 2OpM. Uptake by 
cells was measured in: (e) non-saline buffer (MHS); (A) 
saline buffer (HBS); U saline buffer after treatment with 

NHS-methotrexate. 

methotrexate, a compound shown previously to 
irreversibly inhibit methotrexate transport in these 
cells [28]. Similarities were apparent in the uptake 
profiles obtained with each folate compound when 
the same buffer was employed. Uptake was generally 
linear for 5-10 min, and it declined progressively 
thereafter but did not reach a steady state within the 
Z-mm incubation period. A substantial difference 
was observed in the uptake of in~~dual substrates 
when the two buffer systems were compared. With 
each substrate, uptake was higher in the anion- 
deficient buffer, relative to the saline buffer, and the 
difference was 3- to 4-fold for methotrexate and 
folate, and 1.5fold for 5-methyltetrahydrofolate. 
Prior treatment of the cells with AS-methotrexate 

Table 1. Effect of glucose, bicarbonate, and antimycin A on the influx of methotrexate, 5methyltetra- 
hydrofolate, and folate in control cells and in cells pretreated with NHS-methotrexate 

Folate substrate Addition 

Influx 
[pmol.min-*.(mg protein)-’ 

Control +NHS-MTX 
Inhibition by 

NHS-MTX (%) 

Methotrexate None 2.03 0.02 99 
Glucose 1.82 0.01 99 

Bicarbonate 2.15 0.05 98 
Antimycin A 1.67 0.00 100 

5-Methylte~ahy~ofolate None 1.62 0.00 100 
Glucose 1.72 0.02 99 

Bicarbonate 1.57 0.02 99 
Antimycin A 1.55 0.03 98 

Folate None 0.61 0.06 90 
Glucose 0.55 0.04 93 

Bicarbonate 0.51 0.06 88 
Antimycin A 0.51 0.07 86 

Measurements were performed in saline buffer (HBS) in cells that had been preincubated for 2 min at 
37” with the indicated additions. Labeled substrates were then added, and influx was determined as 
described in Materials and Methods. Inhibitor concentrations: NHS-methotrexate (NHS-MIX), 
10 RIM; glucose, 5 mM; sodium bicarbonate, 5 mM; and antimycin A, 2@ml. Substrate concentrations: 
[3H’jmethotrexate, 5.0 ,uM; [14C]methylte~ahydrofoIate, 1.0 FM; and [3H]folate, 20 FM. 



3010 G. B. HENDERSON, J. M. Tsun and H. P. KUMAR 

Table 2. Kinetic parameters for the influx of methotrexate, 5-methyltetrahydrofolate, and folate 

Folate compound 
V max 

[pmol.min-‘(mg protein)-‘] 

K, for infiux (PM) K, for influx (PM) 

HBS MHS MHS 

Methotrexate 4.2 4.2 0.80 0.77 
5-Methyltetrahydrofolate 3.1 1.2 0.32 0.26 
Folate 4.3 50 9.0 11 

The buffer composition of HBS and MHS, influx measurements, and calculations of kinetic parameters are 
described in Materials and Methods. Ki values for influx were measured using 2.0 PM [3H]methotrexate as the 
transported substrate. 

also inhibited uptake. The extent of inhibition of 
initial uptake was 98,99 and 93% for methotrexate, 5- 
methyltetrahydrofolate, and folate respectively. The 
latter measurements were performed in HEPES- 
buffered saline, although the same high degree of 
inhibition was also obtained in the non-saline buffer 
(MHS) (data not shown). Variations of cellular 
energetics produced by the addition of glucose, 
bicarbonate, or antimycin A to cells in the saline 
buffer had little or no effect on the influx of methotre- 
xate, 5-methyltetrahydrofolate, or folate, and, 
moreover, did not reduce the sensitivity of influx to 
inhibition by NHS-methotrexate (Table 1). 

Kinetic parameters for the influx of methotrexate, 
5-methyltetrahydrofolate, and folate were determi- 
ned from plots of initial influx versus substrate con- 
centration; the results are shown in Table 2. Indi- 
vidual folate substrates were evaluated in both buffer 
systems simultaneously, and in each case double- 
reciprocal plots were linear and a common Y-inter- 
cept (Vmax) was obtained. A similar V,,,, was also 
observed for each folate substrate [3.7 f 0.6 pmol. 
min-‘(mg protein)-‘]. The highest affinity was ob- 
served for the transport of 5-methyltetrahydrofolate 
whose influx in the anion-deficient buffer (MHS) 
proceeded with a Kt of 0.32 PM. The Kt for metho- 
trexate under the same conditions was 0.80 PM, while 
the corresponding K,for folate was 9 PM. In the saline 
buffer (HBS), Kt values for each substrate were 
consistently 4-fold higher than in the anion-deficient 

Inhibitor, pM 

Fig. 2. Concentration dependence for the inhibition 
of [3H]methotrexate influx by 5-methyltetrahydrofolate 
(Mew), unlabeled methotrexate, and folate. [3H]Metho- 

trexate concentration, 2.0 PM. Buffer, MHS. 

5-methyltetrahydrofolate, methotrexate and 
folate (in MHS) each inhibited the influx of 
[3H]methotrexate (2.0 PM), and the inhibition 
profile for each compound yielded a monophasic 
rectangular hyperbola (Fig. 2). Inhibition was also 
complete (97-100%) at high concentrations of the 
more effective inhibitors, 5-methyltetrahydrofolate 
and methotrexate. Dixon plots of these data (not 
shown) were linear and gave inhibition (Ki) constants 
for 5-methyltetrahydrofolate, methotrexate, and 
folate of 0.77, 0.26, and 11 PM respectively. The 
latter were very similar to the corresponding Kt 
values for direct uptake of these compounds by cells 
in the same buffer (Table 2). Influx at a lower 
concentration of [3H]methotrexate (0.1 PM) was also 
inhibited by >97% either by prior treatment with 
NHS-methotrexate (10 ,uM) or by the direct addition 
of phthalate (5 mM), a competitive inhibitor of the 
methotrexate influx carrier [ 131. 

Inlhrx of [3H]folate (in MHS) was inhibited by 
methotrexate (Fig. 3). Dixon replots of these data 
were also linear to greater than 95% inhibition (data 
not shown), and the Ki for methotrexate (0.75 ,uM) 
was comparable to the Ki (0.80 PM) for inhibition of 
[‘Hlmethotrexate influx by unlabeled methotrexate 
(Table 3). Maximum inhibition of [3H]folate influx at 

!YY 

inhibitor, PM 

Fig. 3. Concentration dependence for the inhibition of 
[3H]fo1ate inflwr by methotrexate and o-phthalate. 
[‘H]Folate concentration, 20 PM. Buffer, MHS. Inset, cor- 
responding inhibition of [‘Hlfolate influx by methotrexate 

in HBS. 
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Table 3. Comparative inhibition of [3H]folate and 
[3H]methotrexate influx by unlabeled methotrexate, o- 

phthalate, and phosphate 

Xi for influx (PM) 

Methotrexate 
o-Phthalate 
Phosphate 

[3H]Folate [3H]Methotrexate 

0.75 0.80 
28 22 

750 800 

Ki values were determined as described in Materials and 
Methods from a plot of the inverse of influx at 20&G 
[3H]folate or 2.0 nM [‘Hlmethotrexate versus inhibitor 
concentration. Buffer. MHS. 

high concentrations of methotrexate was 97%. In the 
saline buffer (insert, Fig. 3), the Ki for inhibition of 
[3H]folate influx by methotrexate increased to 
4.5 FM, while maximum inhibition decreased slightly 
to 93%. o-Phthalate (Fig. 3) and phosphate (data not 
shown) also inhibited [3H]folate influx, and the lui 
values of these compounds for inhibition of 
[3H]folate influx were comparable to their corres- 
ponding Ki values for inhibition of [3H]methotrexate 
influx (Table 3). 

Kinetics off&ate in@x at tow substrate concentra- 
tions. The possibility that a high-affinity, folate- 
binding protein also mediates the uptake of folate 
compounds in CCRF-CEM cells was investigated by 
measuring transport at low con~ntrations of 
[3H]folate. Cells incubated in saline buffer for 30 min 
at 37” were found to accumulate significant amounts 
of [3H]folate by a process which was essentially linear 
with substrate concentration from 1 to 20nM (Fig. 
4). Cells held at 0” under the same conditions acou- 
mulated less than 5% of the radioactivity of cells at 
37”, and uptake at 0” was not reduced significantly by 

15 
c 

Fig. 4. Transport characteristics of CCRF-CEM cells at low 
concentrations of [3H]folate. Cells in HBS were incubated 
for 30 min with the indicated concentrations of t3H]folate 
(20 Wmmol) and then analyzed for uptake as described in 
Materials and Methods. Key: (e) uptake at 37”; (m) uptake 
at 0”; (A), uptake at 37’ after treatment with NHS- 

methotrexate. 

L I 

100 200 300 

Methotrexate, pM 

Fig. 5. Sensitivity of transport at 20mM [3H]folate to 
methotrexate and o-phthalate. Transport was measured in 
cells incubated for 30min at 37” with 20 nM [3H]folate 
(20 Wmmol) and the indicated concentrations of metho- 

trexate or o-phthalate. Buffer, HBS. 

adding 10pM unlabeled folate prior to the 
[3H]folate. Uptake at 37” was sensitive to NHS- 
methotrexate, a potent inhibitor of methotrexate and 
S-methyltetrahydrofolate transport at higher subs- 
trate concentrations. Prior treatment of the cells with 
NHS-methotrexate reduced the extent of uptake at 
each f3H]folate concentration by 90-951 (Fig. 4). 
Methotrexate and o-phthalate also inhibited uptake 
at 20 nM [3H]foIate (Fig. 5). Dixon replots of these 
data were linear, and inhibition approached 100% at 
high concentrations of the inhibitors. Calculated Kj 
values for methotrexate and o-phthalate were 7 FM 
and 200 ,uM respectively. The source and amount of 
folate provided to cells during growth also appeared 
not to affect the kinetics of folate influx at low 
substrate concentrations. Cells either adapted (for 18 
generations) to [6~,~-5-formyltetr~ydrofoiate 
(100 nM) as the sole source of folate or depleted of 
intracellular folate by growth in folate-free medium 
(see Materials and Methods) exhibited uptake (in 
HBS) which: (a) was indistinguishable (at 20nM 
[3H]folate) from that obtained in folate-repIete cells; 
(b) was linear over a range of folate concentrations 
from 1 .O to 20 nM; and (c) showed the same sensitiv- 
ity to inhibition by NHS-methotrexate. 

DISCtJSSION 

Previous results have provided evidence that 
methotrexate enters CCFW-CEM cells by a single 
influx carrier and that transport occurs via an anion 
exchange mechanism similar to that of L1210 cells 
[28]. The same system has also been found in the 
present study to facilitate the influx of folate and S- 
methyltetrahydrofolate. This conclusion is supported 
by the fmdings that methotrexate influx was inhibited 
by 5methyltetrahydrofolate and folate (Fig. 2), and 
the inhibition constants of these latter compounds 
were equivalent to their Kf values for half-maximal 
ingux (Table 2). Similarly, folate influx was inhibited 
by methotrexate (Fig. 3), and the Kifor methotrexate 
was equivalent to its K, for influx (Table 2). u- 
Phthalate and phosphate also showed parallel inhibi- 
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tion of the influx of methotrexate and folate (Table 
3), and the uptake rates for methotrexate, 5 
methyltetrahydrofolate, and folate were each inhi- 
bited to the same degree by prior treatment of the 
cells with NHS-methotrexate (Table 1). Finally, 
parallel sensitivity to the composition of the medium 
was observed in both rates of uptake (Fig. 1) and Kt 
values for half-maximal influx into the cells (Table 2). 
Various findings also indicate that no other route is 
available for the influx of these folate compounds in 
CCRF-CEM cells. Influx of each folate substrate 
showed saturation kinetics and was typically inhibited 
by >95% by prior treatment with NHS-methotrexate 
(Fig. 1). Complete or nearly complete inhibition of 
[3H]methotrexate influx was also obtained at high 
concentrations of unlabeled methotrexate and 5 
methyltetrahydrofolate (Fig. 2) and by o-phthalate 
(Fig. 3), and discontinuities in inhibition profiles 
were not observed. Influx at nanomolar concentra- 
tions of [3H]folate was blocked by NHS- 
methotrexate (Fig. 4) and by methotrexate and o- 
phthalate (Fig. 5), indicating that the same shared 
influx carrier mediated the transport of folate com- 
pounds over a broad range of substrate concentra- 
tions. A comparable V,,.,,, for the influx of methotre- 
xate, 5-methyltetrahydrofolate, and folate is also 
consistent with a single uptake route. The present 
results thus contrast with previous findings that 
methotrexate can enter CCRF-CEM cells via a 
second low-affinity route [16]. It is unlikely that 
alternate influx routes were masked in the present 
study by assay conditions since buffer composition 
did not affect the V,,,, of individual substrates (see 
Table 2) or the extent of inhibition by various 
reversible and irreversible inhibitors (Figs l-5). 
Influx was also insensitive to glucose, bicarbonate, 
and antimycin A (Table l), compounds that alter cell 
energetics. In some experiments, non-saline buffers 
were employed to illustrate the coordinate effects of 
anions (or lack of anions) on the transport of each 
folate substrate, although comparative results using a 
saline buffer were typically performed as well (cf. 
Figs 1 and 3). Non-saline buffers have been indispen- 
sible in previous studies for demonstrating the anion- 
dependence for efflux via this carrier system 
[ 13,23,28-311, identifying anion-exchange subs- 
trates [13,23,31,32] and quantitating the binding 
component [23,33]. The physiological properties of 
cells vary between saline and non-saline buffers [30], 
yet various findings indicate that the inherent prop- 
erties of the influx carrier are not altered by the 
absence of physiological ions in the medium or by a 
decline in intracellular energy levels [30]. Likewise, 
no evidence has been obtained which indicates that a 
second physiological influx system for folate com- 
pounds has been blocked by the use of non-sa!ine 
buffers or by the absence of Na+, glucose, bicarbon- 
ate or other external factors [23,29,30]. 

The transport routes for folate compounds in 
L1210, CCRF-CEM, and other lymphoblastoid cells 
have been the topic of numerous investigations. 
Various findings have established that reduced 
folates and the antifolate drug, methotrexate, share a 
common high-affinity transport system, while the 
ability of this system to transport folate has been 
questioned by results from various laboratories [2-4]. 

Recent studies [21,23], however, have shown that 
impurities in the concentration range of 1% can 
interfere with the uptake of [3H]folate. To avoid 
impurity problems, we have employed an established 
thin-layer chromatography procedure to remove 
contaminants from the parent compound, and a 
homogeneous preparation was verified by an inde- 
pendent binding assay using the folate transport 
protein of L. casei. Precautions were also taken to 
minimize the reappearance of impurities prior to use. 
It is particularly important not to purify, handle, or 
store [3H]folate in buffers containing phosphate, 
which facilities decomposition [22]. Other proce- 
dures may also be suitable for the purification of 
[3H]folate, although the technique must be capable 
of generating substrate with a purity in excess of 99%, 
and it must avoid solvent components and other 
conditions which promote or fail to prevent the 
reappearance of interfering compounds. Results with 
homogeneous preparations of [3H]folate indicate 
that folate enters L1210 [20-221 and, in the present 
study, CCRF-CEM cells via the same system as 
methotrexate and 5-methytetrahydrofolate, and, 
moreover, that no other influx route is available for 
folate. The latter conclusion was derived, in part, 
from the sensitivity of [3H]folate influx to specific 
inhibitors (cf. Figs 1 and 3-5), although it should be 
noted that maximum inhibition was not complete but 
ranged from 86 to 97%. This suggests that, even 
under our best conditions for purification and hand- 
ling, trace amounts of impurities may be present at 
the time of influx measurement. The amount of 
pterin impurity that would be sufficient to cause 
interference of 10% during [3H]folate influx in 
CCRF-CEM cells is in the range of 0.1 to 0.5% [22]. 
Impurities in [3H]methotrexate arise at a slower rate 
than with [3H]folate and generally interfere to a 
lesser degree but they may have been responsible for 
the previous report of a second, low-affinity influx 
route for methotrexate in CCRF-CEM cells [16]. 

Passive diffusion has been considered as a possible 
means by which folate compounds cross cell membra- 
nes, although the contribution by this route to total 
uptake in CCRF-CEM must be very small. Inhibition 
of influx by substrate analogs or by NHS- 
methotrexate often approached 100%. and double- 
reciprocal plots of influx versus substrate concentra- 
tion remained linear at the highest substrate concen- 
trations employed. Previous studies on methotrexate 
efflux [28] also suggest that passive diffusion pro- 
ceeds at a very slow rate in these cells. Efflux of 
methotrexate could be essentially blocked by trans- 
port inhibitors even though the membrane potential 
should have been a substantial outward driving force 
for anionic forms of this compound. Passive influx of 
the anionic forms of folate compounds would proceed at 
an even slower rate since the membrane potential in 
this case would retard anion movement into the cell. 
Diffusion would be much more likely to occur with 
the uncharged form of folate compounds, although 
the concentration of this species in solution at pH 7.4 
would be severely limited by the low pK, values of 
the carboxyl groups in folate compounds [34]. 

The isolation of methotrexate-resistant cell lines 
which exhibit a reduced influx of methotrexate and 5- 
methyltetrahydrofolate, but retain the ability to 
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transport and grow on folate [3,4,35-371, has been 
cited as a basis for a separate influx route for folate. 
While transport measurements in these studies could 
have been affected by the presence of pteridine 
impurities, the retention of growth on folate indicates 
that a difference does exist for the assimilation of 
these folate compounds. One possible candidate for 
an alternative transport route is a high-affinity folate 
binding protein [N-20]. Uptake via this protein 
could have allowed the cells to grow on folate, even 
though a substantial reduction had occurred in trans- 
port via the anion-exchange system. A second possi- 
ble explanation, however, for growth on folate does 
not involve separate influx routes. A change could 
have occurred in the binding site on the anion- 
exchange system for folates which produced a pre- 
ferental reduction in the transport of methotrexate 
and 5-methyltetrahydrofolate, but not folate. 
Mutants with the latter characteristics might have 
arisen with a high frequency since cells are typically 
grown during the isolation procedure in medium 
containing increasing concentrations of methotrex- 
ate and a constant level of folate. Cells with a defect 
in methotrexate transport would then be able to grow 
only if the altered transport protein retained the 
ability to transport folate. Transport mutants exhibit- 
ing a substantial reduction in binding affinity for 
methotrexate, with no corresponding change in the 
binding of folate, have been isolated previously from 
L. cusei [38]. 

High-affinity folate-binding proteins have been 
shown to occur in various types of cultured human 
cells [18,19] and in an established monkey kidney 
cell line [20]. These proteins are associated with the 
plasma membrane, have a high affinity for both folate 
and 5-methyltetrahydrofolate, and in at least two 
instances [18,19] have been implicated in the cellular 
uptake of folate compounds. Levels of binding pro- 
tein vary considerably among various tumor cells [18] 
and, in the present study, CCRF-CEM cells were 
shown to lack a high-affinity folate-binding activity. 
This absence of binding activity was observed both in 
folate replete cells and in cells depleted of folates by 
repeated transfer in folate-free medium. The 
[3H]folate employed in our measurements had a 
specific activity that would have allowed detection of 
<lo0 binding sites/cell. Folate uptake by CCRF-CEM 
cells was observed at very low substrate concentra- 
tions (l-20 nM), but inhibitor sensitivity (see Figs 4 
and 5) indicated that it proceeded via the same shared 
carrier system which mediates folate uptake at higher 
concentrations of the substrate. 

High-affinity folate-binding proteins have been 
considered as logical candidates for folate transport 
since serum and other biological fluids contain 
relatively low concentrations (l&100 nM) of total 
folate (present primarily as 5-methyltetrahydrofolate). 
High-affinity binders would contain bound substrate 
under these conditions and thus would be well-suited 
for participation in transport. Transport efficiency, 
however, also depends on other factors including the 
amount of binding protein and the turnover rate per 
binding site. High-affinity binders vary substantially in 
amount between different cell lines (and are often at 
very low or immeasurable levels) and more impor- 
tantly do not appear to effectively release folate into 

the cytoplasm [18]. This contrasts with the transport 
system observed in the present study, which posses- 
ses a lower affinity for folates but exhibits a substan- 
tially higher overall capacity to deliver folates intra- 
cellularly. Substrate internalization by this system is a 
composite of the K, of 1 PM (in saline buffer) for half- 
maximal influx of 5-methyltetrahydrofolate (Table 
l), 30,000 binding sites/cell [28], and a turnover 
rate (at saturating concentrations of substrate) of 14 
molecules per min per binding site at 37” [28]. Hence 
when the extracellular concentration of 5- 
methyltetrahydrofolate is at an approximate phy- 
siological level of 20 nM [39], only 1% of the binding 
sites would be occupied yet the system could still 
mediate the uptake of 4000 molecules of 5- 
methyltetrahydrofolate per min per cell. From the 
previous finding that lo9 folate-replete leukemic cells 
contain approximately 2.2 nmol of total folate [40], 
the accumulation of 4000 folate molecules/min would 
satisfy the folate requirement after 5 hr. Since the 
doubling time of CCRF-CEM cells is approximately 
18 hr, this system is clearly able to provide sufficient 
folate for cell growth at physiological concentrations 
of 5-methyltetrahydrofolate. 
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