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Transport of reduced folates in murine leukemia
cells is mediated by the bidirectional reduced folate
carrier (RFC1) and independent unidirectional exit
pumps. RFC1 has been proposed to be intrinsically
equilibrating, generating transmembrane gradients by
exchange with inorganic and organic anions. This pa-
per defines the role of high level carrier expression,
through transfection with RFC1 ¢cDNA, on concentra-
tive transport of the folate analog, methotrexate (MTX)
in murine L1210 leukemia cells. RFC1 was expressed in
the MTX"A line, which lacks a functional endogenous
carrier to obtain the MTX"A-R16 clonal derivative. In-
flux was increased ~9-fold in MTX"A-R16 cells without
a change in K,,. The efflux rate constant was increased
by a factor of 5.1 relative to L1210 cells, and this re-
sulted in only a 2.1-fold increase in the steady-state
level of free intracellular MTX, [MTX];, when [MTX],
was 1 uM. The concentrative advantage for RFC1 (the
ratio of [MTX]; in MTX"A-R16 to L1210 cells) increased
from 1.8 at 0.1 um MTX to 3.8 at an [MTX], level of 30 um.
Augmented transport in MTX"A-R16 cells was accom-
panied by a 2-fold increase in accumulation of MTX
polyglutamate derivatives and a ~50% decrease in the
EC;, for 5-formyltetrahydrofolate and folic acid and
the MTX IC;, relative to L1210 cells. These alterations
paralleled changes in [MTX]; and not the much larger
change in influx at low [MTX], levels, consistent with
the critical role that free intracellular folates and drug
play in meeting cellular needs for folates and as a
determinant of antifolate activity, respectively. The
data indicate that RFC1 produces a large and near
symmetrical increase in the bidirectional fluxes of
MTX resulting in only a small increase in the trans-
membrane chemical gradient at low extracellular fo-
late levels. Hence, increased expression of RFCI1,
alone, may not be an efficient adaptive response to
folate deprivation, and other factors may come into
play to account for the marked increases in concentra-
tive folate transport which occur when cells are sub-
jected to low folate-selective pressure.
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The membrane transport of folates and antifolates in L1210
murine leukemia cells is mediated by several distinct pro-
cesses. The reduced folate carrier mediates the bidirectional
fluxes of reduced folates (1-4). Under conditions of low folate-
selective pressure, folate receptors can be expressed which are
anchored to the cell membrane through a glycosylphospha-
tidylinosital moiety and translocate folates into L1210 cells via
an endocytotic process (5, 6). Finally, there are two independ-
ent pumps that export folates (7-9).

The properties of the reduced folate carrier have been char-
acterized in detail based largely upon studies with the folate
analog methotrexate (MTX).! This carrier is not directly linked
to energy metabolism and has a high affinity for reduced fo-
lates and 4-aminoantifolates but a low affinity for oxidized
folates such as folic acid (1, 10, 11). Of particular interest, but
least well understood, is the impact of the carrier on transmem-
brane folate gradients. Uphill folate transport is generated
through an anion exchange mechanism linked to the trans-
membrane organic phosphate gradient (10, 12, 13). Under
steady-state conditions an electrochemical potential difference
for free MTX (a bivalent anion) across the cell membrane is
observed ([MTX], > [MTX],) which decreases as the extracel-
lular drug concentration increases and the carrier saturates
(1). The extent of the transmembrane folate gradient achieved
is modulated further by the energy status of the cells through
the activity of the independent exit pumps that are highly
sensitive to the energy charge of the cell (7). Hence, glucose
depresses and metabolic poisons increase the free intracellular
MTX level through their respective stimulation and inhibition
of the exit pumps (7, 10, 14, 15).

With the recent cloning of the putative reduced folate carrier
RFC1 from several species (16—22), new opportunities have
arisen to understand better the characteristics of this carrier
and the contributions it makes to the transport of folates. This
paper focuses, for the first time, on the role that RFC1 plays in
concentrative transport within the context of a highly quanti-
tative analysis of the transport properties of an L.L1210 murine
leukemia cell line, MTX"A-R16, which expresses a high level of
RFC1. This line was derived from MTX"A in which endogenous
carrier is present at the cell surface but is not functional
because of a point mutation in RFC1 (21, 23). MTX"A-R16 is
therefore a model for studying the properties and consequences
of a quantifiable level of RFC1 distinct from the properties of
the endogenous transporter.

The specific issues addressed are: (i) the impact of RFC1

! The abbreviations used are: MTX, methotrexate; RFC, reduced fo-
late carrier; GAT, glycine, adenosine, thymidine; HBS, HEPES-buff-
ered saline; [MTX], and [MTX],, extracellular and free intracellular
MTX levels, respectively.
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expression on the transmembrane fluxes of MTX and on MTX
gradients achieved and (ii) how these parameters correlate
with the level of polyglutamyl derivatives formed and changes
in the cellular growth requirements for 5-formyltetrahydrofo-
late and folic acid and growth inhibition by MTX. Finally, the
properties of MTX transport in RFC1-transfected cells are an-
alyzed within the context of what has been reported in cell lines
in which carrier-mediated transport is enhanced under condi-
tions of low folate-selective pressure (24-26).

MATERIALS AND METHODS

Chemicals—I[3',5',7->HIMTX was obtained from Moravek Biochemi-
cals (Brea, CA) and purified by high performance liquid chromatogra-
phy before use (27). The final specific radioactivity used in transport
experiments was 170 dpm/pmol. [carboxyl-'*C]Inulin (2.34 mCi/g) was
purchased from NEN Life Science Products. Authentic polyglutamate
standards were a gift from Dr. J. Bertino (Memorial Sloan-Kettering
Cancer Center). All other reagents were obtained in the highest purity
available from various commercial companies.

Derivation of Cell Lines and Culture Conditions—Cells were grown
in RPMI 1640 medium containing 2.3 uM folic acid, supplemented with
10% bovine calf serum (HyClone), 2 mM glutamine, 20 uM 2-mercapto-
ethanol, penicillin (100 units/ml), and streptomycin (100 pg/ml). For
some experiments, cells were grown in folate-free RPMI 1640 medium
supplemented as above and with 10% dialyzed bovine calf serum, 200
uM glycine, 100 uM adenosine, and 10 uM thymidine (GAT).

MTX"A-R16 was obtained by transfection of MTX"A with a ¢cDNA
encoding the murine reduced folate carrier as reported previously (21).
Transfection of L1210 cells with RFC1 ¢DNA produced the L1210-T2
clone that was used in some experiments. This was achieved with the
same ¢cDNA and experimental strategy. Briefly, ~1 X 107 L1210 cells
were electroporated (250 V, 200 microfarads) with Bgl/II-linearized
pPGK-RFC1(21). Transfected cells were selected in RPMI 1640 medium
containing G418 (750 pg/ml). The L1210-T2 line was isolated by dilu-
tion cloning.

Northern Analyses—Total RNA was isolated using TRIzol (Life Tech-
nologies, Inc.), and 30 ug of RNA was fractionated by electrophoresis on
1.0% formaldehyde-agarose gels. Transfer and hybridization were per-
formed as described previously (21) except that the transferred RNA
was fixed with a Stratalinker UV cross-linker, (Stratagene, La Jolla,
CA).

Growth Studies—Cells grown in 96-well plates (1 X 105 cells/ml)
were exposed continuously to the appropriate concentrations of MTX,
folic acid, or 5-formyltetrahydrofolate for 72 h after which cell numbers
were determined by hemocytometer count and viability assessed by
trypan blue exclusion. Cells were grown in folate-free medium contain-
ing GAT for 2 weeks before the assessment of folic acid and 5-formyltet-
rahydrofolate growth requirements.

MTX Transport Studies—Influx measurements were performed by
methods described previously (21) with minor modifications. Briefly,
cells were harvested, washed twice with HBS (20 mm HEPES, 140 mm
NaCl, 5 mm KCI, 2 mm MgCl,, 5 mMm glucose, pH 7.4) and resuspended
in HBS to 1.5 X 107 cells/ml. Cell suspensions were incubated at 37 °C
for 20 min after which uptake was initiated by the addition of [PH]MTX
and samples taken at the indicated times. Uptake was terminated by
injection of 1 ml of the cell suspension into 10 ml of ice-cold HBS. Cells
were collected by centrifugation, washed twice with ice-cold HBS, and
processed for determination of intracellular tritium (21). For most in-
flux determinations uptake intervals were adjusted so that cell MTX
did not exceed the dihydrofolate reductase binding capacity assuring
that unidirectional uptake conditions were sustained. At high [MTX],
concentrations in transfected cells uptake was so rapid that intracellu-
lar levels sometimes exceeded the dihydrofolate reductase binding ca-
pacity, but under these conditions uptake was always shown to repre-
sent initial rates. For influx determinations in L1210 and MTX"A-R16
cells, intracellular tritium was 250-1,000 dpm. Under steady-state
conditions intracellular tritium was 1,800 and 2,600 dpm in L.1210 and
MTX"A-R16 cells, respectively. Intracellular water was determined as
reported previously using [carboxyl-'*Clinulin as the extracellular
marker (15).

For efflux measurements cells were loaded with [PHIMTX, a small
portion was taken for measurement of intracellular MTX, and the
remaining cells were separated by centrifugation and resuspended into
a large volume of MTX-free buffer. Samples of L.L1210 and RFC1-trans-
fected cells were obtained every 10 or 60 s, respectively, injected into 10
ml of ice-cold HBS, separated by centrifugation, washed twice, and then
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Fic. 1. Representative Northern blot analysis of total RNA
from L1210-T2, L1210, and MTX"A-R16 cells. RNA was probed
successively with the full-length RFC1 and B-actin ¢cDNA. The small
and large arrows designate, respectively, the endogenous RFC1 tran-
script and the transcript produced from the expression vector. Tran-
scripts were quantitated by PhosphorImager analysis of the radioactive
blots and normalized to B-actin. Values for MTX"A-R16 and L1210-T2
are normalized to an 11210 level of 1.

processed for intracellular tritium. The dihydrofolate reductase binding
capacity was the level of MTX remaining in cells after efflux for 30-45
min, an interval sufficient to allow for the exit of all free drug.

Formation and Analysis of MTX Polyglutamates—Cells grown for
3-7 days in folate-free RPMI medium containing GAT were harvested
and resuspended at a density of 5 X 10° cells/ml in fresh medium
containing 0.1 um [PH]MTX. After a 14-h incubation, cells were collected
by centrifugation and washed twice with ice-cold HBS. One portion of
the cells was assayed for total antifolate. The larger portion was ex-
tracted with 0.5 ml of 20% trichloroacetic acid for 10 min at 4 °C, then
neutralized by the addition of 0.25 ml of 1 M NaH,PO, and 0.15 ml of 6
M NaOH. After separating the precipitate by centrifugation, the super-
natant was analyzed by high performance liquid chromatography as
described previously (28). Authentic MTX-Glu,,_g4, standards were in-
cluded in the samples and the fractions monitored by UV absorbance
(280 nm).

RESULTS

Impact of RFC1 Transfection on the Net Transport and Bi-
directional Fluxes of MTX in MTX"A-R16 Cells—Fig. 1 is an
analysis of the level of endogenous and transfected RFC1
mRNA in the cell lines probed with the full-length murine
RFC1 ¢cDNA (21). Based upon Northern blot determinations of
four separate RNA preparations, the mRNA levels were com-
parable in MTX"A-R16 and L1210-T2 cells and exceeded the
level in L1210 cells by factors of 6.8 = 1.3 and 6.7 = 0.4,
respectively. As illustrated in Fig. 24, when the extracellular
MTX level is 1 uM the rate and extent of MTX uptake in the
MTX"A-R16 transfectant are increased. Steady-state levels of
MTX are reached rapidly in the MTX"A-R16 cells (~10 min)
with about twice that duration required to achieve steady state
in L1210 cells. The free intracellular MTX level (indicated by
the double-headed arrows) is increased by a factor of about 2 in
the MTX"A-R16 line based upon the difference between total
drug and tightly bound MTX determined when cells are sepa-
rated by centrifugation and resuspended in MTX-free buffer.
As indicated in Fig. 2B, the initial uptake rate in MTX"A-R16
cells is increased markedly.

Efflux of MTX is enhanced in MTX"A-R16 cells as well. When
cells are loaded with MTX and then cellular levels are deter-
mined upon resuspension into MTX-free buffer, free MTX is
cleared from MTX"A-R16 cells within 2 min. Efflux is much
slower in L1210 cells (Fig. 3A). When the efflux of free drug is
analyzed by subtracting the bound fraction from total MTX,
differences in the efflux rate constants can be derived from the
slope of the semilogarithmic plot as shown in Fig. 3B. The
efflux rate constant for MTX in the MTX"A-R16 line is in-
creased markedly.

Table I summarizes transport parameters along with other
cellular properties in MTX"A-R16 and L1210 cells from four
separate experiments in which the extracellular MTX level was
1 puM. The tightly bound fractions are comparable; the ratio of
the intracellular water to dry weight is slightly increased in
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FiG. 2. Panel A, representative time course of the net uptake of MTX
in L1210 and MTX"A-R16 cells. Cells were exposed to 1 um [*H-MTX] at
time zero and the time course of uptake monitored (closed symbols). At
the single-headed arrows portions of the cell suspension were separated
by centrifugation and resuspended into large volumes of drug-free
buffer for determination of the loss of free drug (indicated by the
double-headed arrows) and the tightly bound component (open sym-
bols). Panel B, analysis of MTX influx. Cells were exposed to [PH-MTX]
at time zero, and samples of the suspension were taken for cell MTX
determinations.

MTX"A-R16 cells. Overall, at this extracellular MTX level,
MTX influx is increased by a factor of 9.1, the efflux rate
constant is increased by a factor of 5.1, and steady-state [MTX],
is increased by a factor of only 2.1 in MTX"A-R16 cells. Hence,
the major impact of the increased expression of RFC1 is a
marked increase in the bidirectional fluxes of MTX (influx >
efflux) with a much smaller change in the free drug level
achieved.

The extent to which transport properties associated with the
overexpression of RFC1 in MTX"A-R16 cells might be influ-
enced by the characteristics of the MTX"A line from which it
was derived was assessed. Parent 1.1210 cells were transfected
with RFC1 ¢cDNA and a clone obtained, .L1210-T2, with a com-
parable increase in carrier expression (Fig. 1). Changes in
initial uptake rate and steady-state levels achieved in
L1210-T2 cells were similar to what was observed in MTX"A-
R16 cells (data not shown). Hence, the uptake characteristics
produced by overexpression of RFC1 were not unique to the
MTX"A-R16 line.

Effect of RFC1 on Influx Kinetics in MTX"A-R16 Cells—MTX
influx kinetic parameters determined by the methods of Line-
weaver-Burk and Eadie-Hofstee were identical. Based upon
three separate experiments, the influx K,, for L1210 and
MTX*A-R16 cells was identical (5.7 = 1.0 and 5.8 = 1.8 umM,
respectively). The V. was increased by a factor of 8.4 in
MTX"A-R16 relative to L1210 cells (69.0 = 9.1 and 8.2 + 0.78
nmol/g dry weight/min, respectively), comparable to the in-
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Fic. 3. Panel A, representative time course of MTX efflux. Cells
loaded with 1 um MTX to achieve steady-state conditions were sepa-
rated by centrifugation, resuspended into a large volume of drug-free
buffer, and intracellular MTX levels measured every 10-30 s. Panel B,
a corresponding semilogarithmic analysis of the data which illustrates
the log of the percentage of the initial free intracellular MTX level as a
function of time. The slope of the line is the efflux rate constant.

TABLE I
Comparison of MTX transport between L1210 and MTX* A-R16 cells
Transport parameters were measured at [MTX], = 1 uM. Free MTX
levels measured under steady-state conditions represent total drug less
drug bound to cells after efflux into MTX-free buffer. Data are the
mean * S.E. of four experiments.

L1210 MTX" A-R16 A

fold

Initial uptake rate 1.03 £ 0.07 9.35 = 0.68 9.1
(nmol/min/g dry wt)

Efflux rate constant (min~?) 0.13 = 0.05 0.64 = 0.10 5.1
Total cell MTX (nmol/g dry wt)  7.07 = 0.33 10.15 = 0.23 14
Bound MTX (nmol/g dry wt) 4.50 = 0.09 4.35 = 0.07 1.0
Free MTX (nmol/g dry wt) 2.56 = 0.43 5.82 = 0.18 2.3
[H,Ol/dry wt (ul/mg) 3.562 * 0.06 3.86 = 0.17 1.1
[MTXI; (un) 0.73 £ 0.12 1.51 = 0.05 2.1

crease in influx as indicated in Table I.

Effect of the Extracellular MTX Level on the Transmembrane
Gradients Achieved in L1210 and MTX A-R16 cells—As re-
ported previously for L1210 cells (1), when [MTX], is increased
the steady-state intracellular MTX concentration approaches
maximum values of 8.8 and 41.4 umM, for L1210 and MTX"A-R16
cells, respectively (Fig. 4A). Further, the concentrating capac-
ity of MTX"A-R16 cells is increased relative to that of L1210
cells over this 300-fold concentration range (Fig. 4B). Hence,
the concentrating advantage, i.e. the ratio of the steady-state
[MTXI; levels in MTX"A-R16 to L1210 lines, increased from 1.8
at 0.1 um to 3.8 at 30 um MTX. The maximum concentrating
advantage for MTX"A-R16 cells based upon the predicted max-
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Fi1G. 4. Panel A, free intracellular MTX concentrations as a function
of the extracellular drug levels under steady-state conditions. Panel B,
ratio of the free drug concentration in the MTX"A-R16 transfectant to
L1210 cells as a function of the extracellular drug level (the latter
plotted logarithmically). The data are the average * S.E. of three
experiments.

imum intracellular levels indicated above is 4.8.

Polyglutamylation of MTX—The monoglutamyl MTX sub-
strate level, controlled by the membrane transport system, is
one key determinant of the rate of formation of its polygluta-
mate derivatives (27, 29). The impact of increased carrier ex-
pression on MTX polyglutamate formation was evaluated in
MTX*A-R16 cells at the lowest feasible extracellular drug level
to approximate those conditions at which cytotoxicity is deter-
mined (see below). When cells are incubated with 0.1 um MTX
over 14 h, there is a ~20% increase in the total antifolate level
in MTX*A-R16 cells (representing free, bound, mono-, and poly-
glutamyl forms of drug). There is, however, a nearly 2-fold
increase in the total polyglutamate level in the transfectant
(Fig. 5). The major derivative in L1210 cells is the triglutamate,
whereas the major derivatives in the MTX"A-R16 line are the
tri- and tetraglutamates with appreciable levels of the penta-
glutamate as well. The monoglutamate level in the MTX"A-R16
(1.2 nmol/g dry weight) is only a small fraction of the dihydro-
folate reductase binding capacity (4.5 nmol/g dry weight), indi-
cating that the drug is replaced on the enzyme by the larger
levels of polyglutamyl congeners within these cells. Monoglu-
tamyl MTX bound to dihydrofolate reductase in L1210 cells
was also replaced by the polyglutamyl forms but less so than in
MTX"A-R16 cells.

Folate Growth Requirements and MTX Sensitivity in the
L1210 and MTX"A-R16 Lines—Of particular interest was the
impact that increased carrier expression might have on MTX
growth inhibition in MTX"A-R16 cells. Would the pharmaco-
logic effect of this agent parallel the large changes in influx or
the much smaller change in the free MTX level achieved? As
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Fic. 5. Formation of MTX polyglutamyl derivatives in L1210
and MTX"A-R16 cells. Cells were exposed to 0.1 um [PHIMTX for 14 h
under usual growth conditions but in the presence of GAT to circumvent
MTX cytotoxicity. After this, mono- and polyglutamyl derivatives were
measured as described under “Materials and Methods.” Data are the
average of three experiments performed on different days; GI is MTX,
G2 the diglutamate, etc.

indicated in Fig. 64, the MTX IC;, decreased by a factor of less
than 2 in MTX'A-R16 cells, comparable to the increase in
[MTXI]; at low levels of [MTX], (Table I and Fig. 4) and much
less than the increase in influx of the drug. Similar to this
finding, the EC;, for both 5-formyltetrahydrofolate (Fig. 6B)
and folic acid (Fig. 6C) also decreased by a factor of less than 2.

DISCUSSION

The membrane transport of physiological substrates and an-
tineoplastic agents is often considered within the context of
how rapidly drugs enter cells. This, alone, can be an important
determinant of the rate of biosynthetic processes and drug
activity if, at the extracellular levels achieved, transport is
rate-limiting to a critical metabolic event within the intracel-
lular compartment such as, for instance, the metabolism of the
substrate or agent to an impermeant derivative. For MTX and
related antifolates, influx is a major determinant of the free
drug level achieved, the critical determinant of cytotoxicity
which is controlled by the membrane transport systems (30,
31). In this paper, we have quantitated and compared, for the
first time, the impact of overexpression of high levels of RFC1
in L1210 leukemia cell lines on the bidirectional fluxes and net
transport of MTX. The major focus of these studies is on the
MTX"A-R16 transfectant derived from the MTX'A line. The
latter is a derivative of L1210 cells resistant to MTX by virtue
of an alanine to proline substitution within a predicted trans-
membrane domain which results in the immobilization of the
reduced folate carrier (21). This model cell line provided the
opportunity for evaluating the transport capacity and proper-
ties of RFC1 distinct from the properties of the endogenous
transporter.

As expected, increased expression of RFC1 produced a large
change in the rate of MTX transport into cells. In fact, the
8-9-fold increase in influx in the MTX"A-R16 line approxi-
mated the increase in the RFC1 mRNA level as determined by
Northern blot analysis. This increase in influx did not, how-
ever, translate into a comparable increase in the steady-state
free intracellular MTX level achieved. Indeed, at low extracel-
lular MTX levels, the major change that RFC1 produces is a
large, near symmetrical, increase in the bidirectional fluxes of
MTX. Based upon the increase in the influx V., for MTX, the
net cycling of carrier is more than 8-fold faster in MTX"A-R16
than L1210 cells. There was no change in the influx K, ,. The
small (2-fold) difference between the increase in the influx V.
and the efflux rate constants is consistent with the small but
comparable ~2-fold increase in the net accumulation of MTX in
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FiG. 6. Growth inhibition by MTX (panel A) and growth re-
quirements for 5-formyltetrahydrofolate (panel B) and folic
acid (panel C) in L1210 and MTX"A-R16 cells. Cells were grown in
GAT-containing medium with dialyzed calf serum and without added
folates for 2 weeks before analysis of growth requirements for folates.
The data represent the average = S.E. of three experiments.

MTX"A-R16 cells. However, as the extracellular MTX level was
increased, the concentrating capacity of the transfected cells
relative to L1210 cells increased with a maximum achievable
gradient difference of nearly 5. This is a level still ~half the
increase in the influx V..

Changes in MTX cytotoxicity mirror the changes in accumu-
lation of the drug and not the rate that MTX enters cells in that
the IC,, for MTX dropped by a factor of less than 2 in the
MTX"A-R16 line. This is consistent with the concept that trans-
port of MTX into cells at the low concentrations utilized in
these studies must be much faster than the rate of polyglu-
tamylation to its less permeable derivatives, a phenomenon
that was recently shown to be the case at MTX levels at least as
low as 0.1 um (28). Further, if drug entry was rate-limiting,
then the marked difference in MTX influx between 1.1210 and
MTX"A-R16 cells would result in a similar difference in the rate
and extent of formation of polyglutamates. Instead, differences
in the accumulation of polyglutamyl derivatives mirror differ-
ences in the free monoglutamyl drug levels achieved. Likewise,
the 5-formyltetrahydrofolate and folic acid growth require-
ments, as reflected in the EC;,, were also decreased by a factor
of only 2. Hence, influx must not be rate-limiting to the utili-
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zation of these folates under physiological conditions, and free
folate levels must be sustained during growth. It is of consid-
erable interest that the change in folic acid growth requirement
is exactly the same as that observed for 5-formyltetrahydrofo-
late, suggesting that despite the low affinity of folic acid for the
RFC, transport by this route can be an important mechanism of
transport for this oxidized folate when expression of RFC1 is
sufficiently high. The data also indicate that when cells are
deprived of reduced folates, overexpression of RFC1, alone, is
not an efficient mechanism of adaptation because this has only
a small salutary effect on the free folate level achieved.

RFC1 has the characteristics of a large family of membrane-
spanning proteins that transport a variety of substrates across
cell membranes and do not contain an ATP binding region so
that transport is not linked directly to ATP hydrolysis (32-35).
Some of these carriers are equilibrating; they facilitate trans-
location across the cell membrane but do not produce uphill
transport (32). Others are coupled to some other transmem-
brane gradients and produce uphill transport such as the sodium-
dependent iodide and nucleoside transporters (33, 34). RFC-
mediated transport is not sodium-dependent (10). Rather, MTX
transport is highly sensitive to the anionic composition of its
environment, and virtually any negatively charged species in-
hibits influx of this agent when present at a high enough
concentration. The reduced folate carrier demonstrates a high
degree of structural specificity for folates, and there is a spec-
trum of inhibitory activity observed with structurally unre-
lated anionic compounds as well. In general, the greater the
negative charge, the greater the inhibitory effect. Organic an-
ions are more inhibitory than inorganic anions; the most potent
inhibitors are the organic phosphates (10, 12, 13).

Studies from this laboratory suggested a model in which the
organic phosphate gradient across the cell membrane, through
its interaction with carrier, acts as a battery that drives MTX
uphill into cells (10). Subsequent studies further supported this
concept (36-38). According to this paradigm organic phos-
phates that accumulate within cells inhibit efflux of folates
much more than influx is inhibited by extracellular inorganic
anions. This asymmetrical inhibition of the bidirectional fluxes
results in uphill transport of folates into cells (10). This inter-
action would not be immediately perturbed by metabolic poi-
sons that decrease the cellular energy charge but not the net
organic anion level as phosphate and ADP, both inhibitors of
the carrier (10, 13), are released in the hydrolysis of ATP. This
would account for the maintenance, indeed, enhancement of
uphill MTX transport under conditions in which cells are
energy-depleted (7, 10, 14, 15).

In LI210 cells then, the free MTX level achieved will be
determined by the mobility and number of carriers, the com-
posite anion gradient across the cell membrane, and the rela-
tive potency of the independent exit pumps (see the Introduc-
tion). As carrier cycling increases relative to efflux via the exit
pumps, as occurs with increased carrier expression in trans-
fected cells and with increasing extracellular MTX levels, the
relative contribution to the net transport of MTX by the exit
pumps decreases, and the free intracellular MTX level rises.
Ultimately, when efflux via the pumps becomes negligible com-
pared with efflux mediated by the carrier, the transmembrane
MTX gradient increases to a level determined solely by the
interaction among inorganic and organic anions, MTX and the
reduced folate carrier.

Of particular interest is the comparison between these ob-
servations and the data obtained when carrier expression is
enhanced under low 5-formyltetrahydrofolate-selective pres-
sure. Studies from three laboratories have demonstrated that
under these conditions there are marked increases in MTX
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influx because of an increase in the influx V., with little or no
change in the efflux rate constant, thereby resulting in a
marked increase in the free drug level achieved and the gen-
eration of large transmembrane gradients for MTX (24 -26). As
indicated above, the most efficient adaptation to low
5-formyltetrahydrofolate-selective pressure would be one that
results in a large increase in the free folate level. The asym-
metrical change in the bidirectional fluxes of MTX obtained
with low folate-selective pressure is different from the more
symmetrical changes observed with the transfection of RFC1
into L1210 cells. The basis for this difference is not clear. It is
possible that another protein element is expressed, or RFC1 is
modified, such that uphill folate transport is increased through
the suppression of carrier-mediated efflux, when cells are ex-
posed to low folate-selective pressure. Alternatively, folate dep-
rivation, although increasing carrier expression, might produce
a secondary depression in the exit pumps (39) holding the net
kinetics of the efflux processes essentially constant. The near
symmetrical changes in the bidirectional fluxes in MTX"A-R16
cells with only a small increase in net transport at low [MTX],
levels cannot be attributed to the unique properties of the
MTX"A line from which the RFC1-transfected subline was de-
rived since a similar phenomenon is observed in the L1210
derivative, LL1210-T2, expressing a comparable high level of
carrier.
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