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pH Dependence of Methotrexate
Transport by the Reduced Folate Carrier and
the Folate Receptor in L1210 Leukemia Cells

FURTHER EVIDENCE FOR A THIRD ROUTE MEDIATED AT LOW pH
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ABSTRACT. F2-MTX'A is an L1210 leukemia cell line with a functional defect in the reduced folate carrier
and high level expression of folate receptor B. The pH-dependence of methotrexate (MTX) influx by folate
receptor B in F2-MTX"A cells was characterized and compared with that of the reduced folate carrier in parental
11210 cells. MTX influx by folate receptor B had a pH optimum of 6.5, whereas influx mediated by the reduced
folate carrier showed a pH optimum of 7.5. Increased folate receptor B-mediated MTX influx at pH 6.5 relative
to pH 7.5 was accompanied by a 5-fold increase in binding affinity of the receptor for MTX without a change
in the number of binding sites. At pH 6.2, approximately 24% of MTX influx in F2-MTX"A cells proceeded by
another mechanism. This transport route became active at pH <7.5, operated optimally at pH 6.0 to 6.5, and,
unlike folate receptor B-mediated MTX influx, was insensitive to the presence of low levels of folic acid (100
nM). MTX influx by the low pH system showed saturability, with a K, of 5.3 uM and a V,_of 1.53 nmol/g dry
wt/min, was energy dependent, was inhibited by sulfobromophthalein with a K; of 148 uM, and had similar
relative affinities for folic acid, leucovorin, and 5-methyltetrahydrofolate. Influx of 5-methyltetrahydrofolate was
also mediated by this route. The data provide further confirmatory evidence for an MTX influx route in

F2-MTX"A cells, optimal at low pH and distinct from the reduced folate carrier or the folate receptor.  Copyright
© 1996 Elsevier Science Inc. BIOCHEM PHARMACOL 53;2:223-231, 1997.
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Multiple transport systems mediate the translocation of fo-
lates and antifolates into and out of L1210 leukemia cells
[1—4]. There is a transport carrier (RFCT) that mediates the
bidirectional fluxes of MTX and reduced folates via a pro-
cess that is not directly coupled to energy metabolism but is
capable of sustained uphill transport through co-transport
with intracellular anions [1, 5-7]. Recently, murine, ham-
ster, and human cDNAs have been cloned and their prod-
ucts shown to restore MTX transport in RFC-deficient cells
[8-11]. Though typically not present in L1210 cells, there
are at least two glycosylphosphatidylinositol-linked FRs
that transport folates via an endocytotic, energy-requiring
process that can be expressed under low folate selective
pressure [12, 13]. There is, in addition, evidence for an
influx route that operates optimally at low pH [14]. Studies
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with membrane vesicles from L1210 cells suggest the pres-
ence of another transport system with lower affinity but
higher capacity for folates than the RFC [15]. Finally, two
independent, energy-requiring efflux routes pump MTX out
of the cell [16-19].

Folate transport mechanisms with properties distinct
from those in L1210 cells have been described in small
intestine, liver, and kidney [20-24]. A detailed understand-
ing of the characteristics of MTX transport via all these
routes has become increasingly important as the cDNAs
encoding the proteins that transport folates in other tissues
are cloned and their functional properties determined.

This laboratory recently demonstrated that RFC-
mediated MTX influx in L1210 and FR-B-mediated MTX
transport in the RFC-defective L1210 derivative F2-
MTX'A exhibit different pH dependencies [25]. Lowering
the extracellular pH from 7.4 to 6.2 resulted in decreased
MTX influx via the RFC but strongly stimulated transport
via FR-B. In this paper, we further characterize this pH
dependence and report that increased MTX transport in
F2-MTX'A cells at low pH is due to both an increased
affinity of FR-B for MTX and the appearance of another
transport route, distinct from the RFC and FR-B and while
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similar in several respects to an influx route previously re-
ported to operate optimally at low pH in L1210 cells [14]
has properties that differ from those described previously.

MATERIALS AND METHODS
Chemicals

[3',5,7°HIMTX and [3,5',7',9'-’Hlfolic acid were ob-
tained from Moravek Biochemicals (Brea, CA). [PH]-[6S]-
5-Methyltetrahydrofolate was the gift of Dr. Barton Kamen
(University of Texas Southwestern Medical Center). Folic
acid and [6R,S]-5-methyltetrahydrofolate were from Sigma
(St. Louis, MOY); [6R,S]-5-formyltetrahydrofolate was from
Lederle {Carolina, Puerto Rico). Folate compounds were
purified by high performance liquid chromatography prior
to use [26].

Cell Culture

L1210 cells were grown in RPMI 1640 medium containing
2.2 uM folic acid supplemented with 10% bovine calf se-
rum (Hyclone, Logan, UT), 2 mM glutamine, 20 pM
2-mercaptoethanol, penicillin (100 U/mL), and streptomy-
cin (100 pg/mL). F2-MTX'A is a clonal line derived from
the RFC-defective, MTX-resistant line MTX"A [27]. F2-
MTX'A was selected for growth on low levels of folic acid,
overexpresses FR-B, and is maintained in folate-free RPMI
1640 medium with 10% dialyzed bovine calf serum supple-
mented with 0.5 nM folic acid [28].

PHMTX Influx

PHIMTX influx was measured as previously described with
minor modifications [29). Briefly, cells were harvested, and
washed with 0° acid HEPES saline (20 mM HEPES, 137
mM NaCl, 5.3 mM KCl, 1.9 mM CaCl;, 1 mM MgClL, 7
mM glucose, pH 4.5) to release folates bound to FR-B. This
was followed by a wash with buffer at the desired pH. Ex-
periments at pH 5.0 to 6.5 were performed in MBS (20 mM
MES, 140 mM NaCl, 5 mM KCl, 2 mM MgCl,, 5 mM
glucose) [14] and those at pH 7.0 to 8.0 in HBS (20 mM
HEPES, 140 mM NaCl, 5 mM KCl, 2 mM MgCl,, 5 mM
glucose). Prior to influx measurements, cells were resus-
pended into the desired buffer at 1.5 x 107 cells/mL, equili-
brated at 37°, and uptake was initiated by the addition of
the radiolabeled compound. Uptake was terminated by in-
jecting 1.0 mL of the cell suspension into 10 mL of 0° acid
HEPES saline. Cells were collected by centrifugation,
washed twice with 0° HBS (pH 7.4), and processed for
determination of intracellular tritium as previously de-
scribed [29]. All studies were performed with 0.2 pM
PHIMTX uniess otherwise stated. MTX influx mediated by
the FR-B independent low pH route was measured in the
presence of 100 nM folic acid to block FR-B-mediated in-
flux [25]. Influx kinetics were determined over a range of
MTX concentrations (0.5 to 7.5 pM) and intervals in
which PHJMTX uptake did not exceed the dihydrofolate
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reductase binding capacity. Experiments utilizing metabolic
poisons were performed in transport buffer without glucose.
Cellular viability at the end of the incubations was assessed
by trypan blue exclusion and determined to be >90%. MTX
accumulation is expressed as nanomoles per gram dry
weight. Total cellular protein of L1210 and MTX'A cells
per mg dry weight were 0.36 + 0.01 and 0.37 + 0.01 mg,
respectively.

Analysis of Specific MTX and
Folic Acid Binding to the Cell Surface

Specific binding was determined using minor modifications
of a previously reported assay [30, 31]. The assay mixture
contained 1 x 107 cells in HBS or MBS buffer and
PHIMTX, as indicated in the figures. Following incubation
for 5 min at 0°, the samples were centrifuged (12,000 g, 0°,
2 min), the supernatant was aspirated, and residual super-
natant was removed by a second centrifugation and aspira-
tion step. Cell pellets were processed and radioactivity was
determined as previously described [31]. Specific binding
was determined as the difference between total radiolabeled
folate bound and binding in the presence of 100 pM un-
labeled compound. Binding parameters were obtained by

nonlinear fitting of the data to a one-site model using the
GraphPad PRISM computer software.

MTX Growth Inhibition

Cell cultures (5 x 10* cells/mL, 0.2-mL cultures) in 96-well
plates were exposed continuously to increasing concentra-
tions of MTX for 48 hr, following which cell numbers were
determined by hemocytometer count, and viability was de-
termined by trypan blue exclusion. The pH of RPMI 1640
was adjusted to 7.4 or 6.2. Experiments were performed in
duplicate.

RESULTS
pH-Dependence of MTX
Influx in L1210 and F2-MTX'A Cells

This laboratory previously described the L1210 subline F2-
MTX'A, which overexpresses FR-B and fails to transport
MTX via the RFC due to impaired mobility of the carrier
[25, 28). This cell line transports MTX via FR-B in contrast
to L1210 cells, in which MTX influx proceeds via the car-
rier. Initial observations indicated that decreasing the pH of
the transport buffer from 7.4 to 6.2 inhibits RFC-mediated
MTX influx but stimulates FR-B-mediated MTX transport
[25]. Studies were undertaken to characterize in detail the
pH-dependence of FR-B-mediated MTX transport in F2-
MTX"A cells and compare it with that of the RFC in L1210
cells. As shown in Fig. 1, MTX influx in L1210 and F2-
MTX'A cells showed very different pH profiles. RFC-
mediated MTX influx in L1210 cells had a pH optimum of
~7.5, whereas F2-MTX'A cells showed maximal influx at
pH ~6.5 (Fig. 1A). MTX binding to FR-B in F2-MTX"A
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FIG. 1. (A) Effects of pH on MTX influx in L1210 and F2-
MTX*A cells. Cells were harvested, washed as described,
resuspended in buffer at the indicated pH, and exposed to
0.2 pM [PHIMTX, and influx was determined over 10 min.
Results are the averages of two (11210) or four (F2-MTX"A)
experiments. (B) pH-Dependence of specific MTX binding
to FR-B. F2.MTX"A cells were incubated with 0.2 pM
[PHIMTX for 5 min at 0° in buffer of the desired pH, and
specific binding was determined as described in Materials
and Methods. Results are the means + SD of three experi-
ments.

cells showed a pH profile similar to that of MTX influx,
with a pH optimum of ~6.5 (Fig. 1B). Specific MTX bind-
ing to the RFC in L1210 cells was barely detectable so that
a reliable pH profile could not be obtained. Hence, in F2-
MTX'A cells MTX influx paralleled MTX binding to FR-B,
and both parameters fell as the pH increased to the physi-
ological range.

pH-Dependence of the K; and
B,,... for MTX Binding to FR-B

Increased binding of MTX at pH 6.5 could result from an
increase in the number of ligand binding sites at the cell
surface, increased affinity of FR-B for MTX, or both. Equi-
librium binding of MTX to FR-B was measured at pH 6.5
and 7.5 over a range of MTX concentrations. Binding satu-
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ration at pH 6.5 occurred at a lower MTX concentration
than at pH 7.5 (Fig. 2). Scatchard analysis (Fig. 2, inset;
Table 1) indicated an approximately 5-fold decrease in K
at pH 6.5 relative to pH 7.5 with no change in B ,,. MTX
binding to F2-MTX'A cells was abolished completely by
the addition of 100 nM folic acid at both pHs, confirming
that all measurable MTX associated with the cells was
bound to FR-B. Hence, at a pH of 6.5 there was a large
increase in the affinity of FR-B for MTX without an in-
crease in the number of MTX binding sites at the cell
surface. Again, MTX binding to L1210 cells was barely
detectable over the range of concentrations used in this
study (Fig. 2).

Presence of an FR-B-Independent
Influx Component in F2-MTX'A Cells

Increased MTX transport at pH 6.5 could be accounted for
partially by increased drug binding to FR-B in F2-MTX A
cells. However, in the presence of 100 nM folic acid, MTX
binding to F2-MTX'A cells was abolished, but 24 + 8% (N
= 10) of influx remained in contrast to the complete abo-
lition of transport by FR-B at pH 7.4 (Fig. 3), suggesting the
presence of a second low pH transport route independent of
FR-B. This was further quantitated by assessing the effect of
100 nM folic acid on MTX influx over a broad pH range, as
shown in Fig. 4. An MTX transport route insensitive to 100
nM folic acid became evident at pH levels below 7.5,
showed optimal activity at pH 6.0, and accounted for the
majority of MTX influx below this pH. The observed in-
crease in MTX influx at low pH in the presence of 100 nM
folic acid was not due to decreased binding affinity of FR-B
for folic acid. Hence, folic acid binding to FR-B on F2-
MTX'A cells at pH 6.2 and 7.4 over a range of concentra-
tions (0.01 to 50 nM) indicated identical near-stoichi-
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FIG. 2. Equilibrium binding of MTX to F2-MTX"A (circles)
and L1210 (squares) cells. Cells were incubated with in-
creasing MTX concentrations at pH 6.5 (closed symbols) or
7.5 (open symbols). Specific binding was determined as de-
scribed in Materials and Methods. Results are the means =
SD of four experiments. Inset: Scatchard representation of
the binding data.
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TABLE 1. Parameters of MTX binding to FR-B at pH 6.5
and 7.5

pH (nM) (nmol/g dry wt)
6.5 0.057 £ 0.010 26.64 + 0.08
7.5 0.267 + 0.043 26.56 +1.16

Specific MTX binding was determined over a broad range of concentrations (0.01 to
3.0 uM), and the binding parameters were obtained as described in Materials and
Methods. Results are the means + SD of four experiments.

ometric association under these conditions, and 100 nM
folic acid completely abolished binding of 0.2 uM MTX to
FR-B at pH 6.2 and 7.4 (data not shown). Finally, higher
MTX concentrations were required to compete for folic
acid binding to FR-B at pH 6.2 than at 7.4 (data not
shown). Taken together, these results indicate equal or
higher affinity of FR-B for folic acid at pH 6.2 than at 7.4
and further substantiate the existence of a second MTX
influx component, independent of FR-B, that operates most
efficiently at low pH.

The presence and magnitude of an FR-B-independent
MTX transport route are further illustrated from an analysis
of the effect of increasing folic acid concentrations on MTX
influx in F2-MTX"A cells at pH 7.4 (Fig. 5A) and 6.2 (Fig.
5B). While MTX influx was essentially abolished by 50—
100 nM folic acid at pH 7.4, a component much less sen-
sitive to folic acid was seen at pH 6.2. Dixon plots clearly
demonstrated that inhibition of MTX influx by folic acid
was monophasic at pH 7.4 but biphasic at pH 6.2 (Fig. 5,
insets), consistent with heterogeneity of transport at the
lower pH. When the less sensitive component of MTX
influx at pH 6.2 was subtracted from total influx (Fig. 5B,
dashed line), the 1C5y values for folic acid inhibition of
MTX influx were virtually the same at pH 6.2 and 7.4 (19
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FIG. 3. Effects of folic acid on MTX influx in F2-MTX"A
cells at pH 6.2 and 7.4. Cells were harvested, washed, and
resuspended in either HBS (pH 7.4) or MBS (pH 6.2) at 37°.
Folic acid (100 nM) was added 5 min prior to addition of
[PHIMTX. At time zero, [P’ HIMTX was added to achieve a
concentration of 0.2 pM. Results are the averages of two
experiments.
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FIG. 4. Effects of 100 nM folic acid on MTX influx in F2-
MTX"A cells as a function of pH. Influx of 0.2 pM PHMTX
was measured at the indicated pH in the absence (open
bars) or presence (closed bars) of folic acid. Results are the
means = SD of three experiments.

and 14 nM, respectively), and the Dixon plot was mono-
phasic (not shown), corroborating that the folic acid sen-
sitive component at pH 6.2 represents FR-B.

Kinetics of MTX Influx and the Effects

of Other Folates on Transport Mediated via the
FR-B-Independent Low pH Route; Transport
of 5-Methyltetrahydrofolate at pH 7.4 and 6.2

MTX influx kinetics mediated by the FR-B-independent
low pH system were measured in the presence of 100 nM
folic acid at pH 6.2 as a function of the extracellular MTX
concentration (Fig. 6). Saturability was apparent, and a
Lineweaver—Burk plot indicated a K, of 5.3 + 0.9 uM with
aV_. of 1.53 + 0.16 nmol/g dry wt/min (N = 5, Fig. 6).

Influx of folates via the RFC and FRs shows very distinct
structural specificities. While the RFC prefers reduced fo-
lates, FRs have very high affinity for folic acid. The inhibi-
tory effects of folates on MTX influx by the low pH system
were compared. Inhibition by folic acid, 5-methyltetrahy-
drofolate, and leucovorin (5-formyltetrahydrofolate) was
comparable at pH 6.2 (Fig. 7). Consistent with its inhibi-
tion of MTX transport at low pH, influx of 5-methyltetra-
hydrofolate in F2-MTX'A cells was 3.9-fold higher at pH
6.2 than 7.4 (Fig. 8). MTX influx at pH 6.2 (Fig. 3} was
~50% that of 5-methyltetrahydrofolate.

Energy Dependence and BSP Sensitivity of MTX
Transport in F2-MTX A Cells via the Low pH Route

While MTX influx via the RFC is unaffected by metabolic
inhibitors, influx mediated by FRs is virtually abolished by
these agents [25, 32]. Sodium azide (10 mM) and dinitro-
phenol (0.1 mM) inhibited MTX influx in F2-MTXA cells
at pH 6.2 by 74 and 69%, respectively, in the presence of
100 nM folic acid.

BSP is a potent inhibitor of MTX influx via the RFC and
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FIG. 5. Effects of folic acid on MTX influx at pH 7.4 (panel
A; control: 0.74 nmol/g dry wt/10 min) and 6.2 (panel B;
control: 1.82 nmol/g dry wt/10 min). Influx of 0.2 pM MTX
in F2-MTX"A cells was measured in the presence of increas-
ing concentrations of folic acid. MTX and folic acid were
added simultaneously. Panel B, dashed line: calculated in-
flux after subtraction of the component less sensitive to folic
acid. Results are the averages of two experiments. Insets:
Dixon plot of the inhibition data.

less so of transport by FRs [25, 32]. BSP inhibited MTX
influx by the FR-B-independent low pH route in F2-
MTX'A cells with a K; of 148 + 22 pM as determined by
Dixon analysis (data not shown).

Effect of pH on MTX Inhibition of Cell Growth

Growth inhibition studies of F2-MTX'A cells at pH 6.2
under conditions where FR-B is blocked by folic acid and
all MTX transport is mediated by the low pH transporter
indicated a 2-fold increase in MTX sensitivity relative to
pH 7.4 (1cs, = 260 vs 520 nM, respectively, Fig. 9). In
contrast, growth inhibition by MTX in L1210 cells at pH
6.2 decreased by 50% compared with pH 7.4 (iC5; = 13 vs
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FIG. 6. MTX influx as a function of [MTX].. F2-MTX"A
cells were harvested, washed, and resuspended in MBS
buffer, pH 6.2. [PHIMTX was added simultaneously with
100 nM folic acid, to block FR-B-mediated transport, over a
concentration range of 0.5 to 7.5 pM. Samples were taken
over an interval during which intracellular MTX accumu-
lation did not exceed the dihydrofolate reductase binding
capacity. Results are the means + SD of five different ex-
periments. Inset: Lineweaver-Burk representation of the
data.

6.5 nM). These changes in drug sensitivity are consistent
with the observed differences in MTX transport.

DISCUSSION

These results characterize the pH-dependence of MTX
transport mediated by the RFC and FR-B and establish the
presence of another influx route that is functional only at
low pH in F2-MTX"A cells. As the pH decreases from neu-
tral to slightly acidic, MTX transport shifts from that me-
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FIG. 7. Inhibition of MTX influx by different folates. F2-
MTX’A cells were harvested, washed as described, and re-
suspended in MBS (pH 6.2). At time zero, cells were ex-
posed to 0.2 pM [PHMTX simultaneously with 100 nM
folic acid, to block FR-B-mediated transport, and the indi-
cated concentrations of folic acid (FA), leucovorin (LCV),
or 5-methyltetrahydrofolate (5-CH,). Influx was measured
over 10 min. Results are the averages of two experiments.
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FIG. 8. Effect of pH on [*H]5-methyltetrahydrofolate influx
in F2-MTX"A cells. Cells were harvested, washed, and re-
suspended in either HBS buffer, pH 7.4, or in MBS buffer,
pH 6.2, as described. At time zero, [*H]5-methyltetrahydro-
folate was added to a final concentration of 0.2 pM. Results
are the averages of two experiments.

diated by the RFC to transport mediated by both FR-B and
the third transport route described in this paper. Hence, the
extracellular pH as well as the level of expression of these
MTX transport systems will determine the magnitude of the
influx mediated by these three processes.

Although a low pH (<5.0) has been shown to completely
dissociate folates from FRs [33], a detailed analysis of the
pH-dependence of folic acid binding has been reported only
for kidney [23, 24, 33]. Folic acid binding to FR isolated
from porcine kidney exhibits a broad pH optimum of 5.5 to
7.6 [33]. Folic acid binding by rat kidney brush border mem-
brane vesicles showed a sharp pH optimum of 5.6; however,
the basis of increased binding at low pH was not investi-
gated [24]. This report indicates that MTX binding to FR-3
in an L1210 subline shows a pH optimum of 6.5 due to a
5-fold increase in binding affinity. Interestingly, this in-
creased MTX binding at low pH was not FR isoform spe-
cific: preliminary experiments also showed increased MTX
binding to FR-a at pH 6.5.

Since the pK, values estimated for the MTX a and vy
carboxyl groups are 3.8 and 4.8, respectively [34], the effects
of the decreased pH over the range reported on MTX bind-
ing to FR-B cannot be explained by changes in the ioniza-
tion of these groups. The pK, of the 1-nitrogen position of
the pteridine ring of MTX is higher than that of folic acid
(5.7 vs 2.8, respectively; [34]). While this group may play a
role in determining the affinity of FR-B for MTX, the in-
creased concentrations of MTX required to compete for
folic acid binding to FR-B at 6.2 vs 7.4, as well as the
marked decrease in affinity for MTX at pH >6.5, cannot be
explained solely by the ionization state of this group. In-
creased binding of MTX to FR-B at pH 6.5 could reflect
specific requirements of deprotonation and protonation of
amino acids residues, such as histidine (pK 6.0) [35], caus-
ing a conformational change in FR-B that results in in-
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FIG. 9. Effect of pH on growth inhibition by MTX in L1210
and F2-MTX"A cells. Cells were incubated for 48 hr in
RPMI 1640 in the presence of the indicated MTX concen-
trations, and growth was determined as described under Ma-
terials and Methods. Key: (O), pH 6.2; and (@), pH 7.4.
Viability of control cultures was >98% at pH 7.4 and >90%
at pH 6.2. Control cultures (cells/mL): L1210, pH 6.2, 1.1 x
10% L1210, pH 7.4, 2.5 x 10% F2.MTX"A, pH 6.2, 4.8 x 10°;
F2-MTX"A, pH 7.4, 1.13 x 105 results are the averages of
two experiments performed in duplicate.

creased affinity for MTX. It is of interest that pH and ligand
binding were reported to affect the state of aggregation of
FRs [36].

As observed for MTX transport mediated by FR-B, the
increase in folic acid transport in rat kidney brush border
vesicles showed the same pH optimum as binding [24]. This
appears to be due to the presence of a transmembrane pH
gradient rather than the acidic pH itself or electrical cou-
pling caused by the inwardly directed positive gradient [37].
FR-B-mediated folate transport has been suggested to occur
by a multi-step endocytic process in which folate bound to
FRs are internalized within a membrane vesicle and, after
acidification, the folates dissociate from the FR and enter
the cell either directly or by some other, as yet undefined,
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mechanism [12, 13]. Further studies are required to deter-
mine if, in addition to increasing the affinity of MTX for
FR-B, the extracellular acidic pH affects any of the other
steps in this complex process. The observation that the
reduction in pH from 7.5 to 6.5 has a greater effect on MTX
influx than binding to FR-B (3.5- and 1.7-fold, respectively,
Fig. 1) suggests an additional stimulating effect on the
translocation of drug into the cells.

The defect in REC-mediated MTX transport in F2-
MTX'A cells is due to a single mutation that replaces a
proline for an alanine in a predicted transmembrane do-
main [10]. While this mutation alters the functional prop-
erties of the RFC, the data collectively indicate that it is
unlikely that the transport component active at low pH
represents reactivation of the mutant RFC. First, MTX in-
flux at pH 6.2 in F2-MTXA cells is sensitive to metabolic
poisons in contrast to RFC-mediated MTX influx. Second,
the affinity of the low pH route for folic acid is much higher
than that of the RFC. Based on the kinetic parameters for
MTX transport via this component (Fig. 6) and the degree
of inhibition of folic acid (Fig. 7), the K, for folic acid
inhibition of MTX influx via this route is 1 M, two orders
of magnitude lower than that of the RFC [32]. Finally,
while 100 uM BSP abolishes RFC-mediated MTX influx at
pH 7.4 in L1210 cells, it only partially inhibits MTX trans-
port via the low pH route. Likewise, evidence that this
third transport component is distinct from FR-mediated
transport includes: (1) relatively low affinity for folic acid
(Fig. 5), (2) different pH profiles for MTX influx (Fig. 4),
and (3) a different spectrum of apparent affinities for other
folates. On the other hand, MTX influx mediated by FR-B
and the low pH route showed similar sensitivities to BSP
and metabolic poisons.

This low pH route can represent a significant pathway for
the transport of folates and antifolates at its optimum pH.
Hence, the V. for this system (Table 2) at pH 6.2 is only
one-half that of the RFC at pH 7.4 and the K,, values are
comparable. In contrast, transport mediated by FR-B has a
K., (1.3 uM) one-third to one-fourth that of the RFC (4.2
uM) and the low pH route (5.3 uM), respectively, with a
V..., one-fourth to one-half of these respective routes. This

max

TABLE 2. Parameters of MTX influx via the RFC, FR-B, and
the low pH route

V,

Transport K, (nmol/g
Cell line route pH (M) dry wt/min)
L1210* REC 74 4.2 2.9
F2-MTX'A* FR-B 74 1.3 0.7
FZ-MTX'Atf  Low pH
transporter 6.2 53 1.5

MTX influx was measured as described in Materials and Methods.
* Ref. 24.
1 Fig. 6.
1 Influx was measured in the presence of 100 nM folic acid.
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is under conditions in which FR- is highly expressed while
binding to the surface component of the low pH route is
not detectable, consistent with a high turnover number for
the latter, in the range of the RFC.

Studies are currently underway in this laboratory to de-
fine the role of the low pH route in MTX cytotoxicity. The
effects of MTX on inhibition of cell growth at pH 6.2 and
7.4 were consistent with the observed pH-mediated differ-
ences in MTX transport in L1210 and F2-MTX'A cells.
However, extended culture at pH 6.2 resulted in decreased
cellular viability and increased doubling times, complicat-
ing the interpretation of these results.

Henderson and Strauss [14] first described a transport
system activated by a pH reduction in L1210 leukemia cell
lines which transports folic acid, MTX, and 5-formyltetra-
hydrofolate. Like the route described above, this system is
energy dependent, shows saturation kinetics, has a similar
K, for MTX, and shows comparable inhibition by folic acid
and reduced folates. However, unlike the low pH route in
F2-MTX"A cells, that system was not inhibited by 100 pM
BSP and did not transport 5-methyltetrahydrofolate effi-
ciently. The discrepancy in BSP inhibition could be related
to the lower ratio of BSP:MTX employed in the previous
report. The reasons for the observed differences in 5-me-
thyltetrahydrofolate transport are not clear. MTX influx at
pH 6.2 in F2-MTX"A cells was approximately twice that of
5-methyltetrahydrofolate at a comparable concentration.
Furthermore, MTX transport at pH 6.2 was 3.1 times that
at pH 7.4 while 5-methyltetrahydrofolate transport in-
creased 3.9 times, suggesting that influx of both compounds
increases proportionally and that both compounds are
transported by the same pH-sensitive system. Because of the
similarities in the properties of the low pH transport route
described in this paper and those previously reported by
Henderson and Strauss, it is likely that they represent the
same process.

In addition to kidney, physiologically important pH-
dependent systems for folate transport have been described
in liver [22] and small intestine [20, 38], but their molecular
characteristics are unknown. In liver, transport of folate
and antifolate compounds appears to occur via different
mechanisms [22]. Transport of 5-methyltetrahydrofolate is
stimulated by a transmembrane hydrogen ion gradient and
is inhibited by other folates and metabolic poisons. The
stimulation by low extracellular pH has been attributed to
a folate/H" cotransport mechanism. In contrast, MTX
transport in liver is not inhibited by structural analogues
and displays a broad pH optimum [22, 39]. A saturable
folate transport route with a pH optimum of 5.0 to 6.0 has
also been described in small intestine [20, 38]. Folate trans-
port via this route is energy dependent and competitively
inhibited by various folate compounds, including MTX.
The low pH optimum of this system has been suggested to
be due to both increased affinity of the transporter for fo-
lates [40] and a folate/fH™ cotransport or folate/OH™ ex-
change mechanism [21, 41]. Further studies are required to
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elucidate the possible relationship between the FR-B-
independent transport process with a low pH optimum in
F2-MTX’A cells and other pH-dependent folate transport
systems in other tissues.

This work was supported by NCI Grants CA-39807, CA-09340, and
CA-09394.
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