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Abstract

Until recently, the transport of folates into cells and across epithelia has been interpreted primarily
within the context of two transporters with high affinity and specificity for folates, the reduced
folate carrier and the folate receptors. However, there were discrepancies between the properties
of these transporters and characteristics of folate transport in many tissues, most notably the
intestinal absorption of folates, in terms of pH dependency and substrate specificity. With the
recent cloning of the proton-coupled folate transporter (PCFT) and the demonstration that this
transporter is mutated in hereditary folate malabsorption, an autosomal recessive disorder, the
molecular basis for this low-pH transport activity is now understood. This review focuses on the
properties of PCFT and briefly addresses the two other folate-specific transporters along with
other facilitative and ATP-binding cassette (ABC) transporters with folate transport activities. The
role of these transporters in the vectorial transport of folates across epithelia is considered.
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INTRODUCTION

Historically, the world of folate transport research over the past five decades has been
pursued from two different avenues that engaged different communities of researchers. One
group approached this area of investigation from a nutritional perspective—intestinal and
renal transport mechanisms as they relate to folate physiology and folate deficiency
disorders, engaging the gastroenterology and hematology communities along with
epidemiologists who study the role of more subtle perturbations of folate sufficiency in
human health. The other group of researchers was from the oncology community and
focused on antifolate transport from a pharmacological perspective. Until very recently, the
emphasis was on transport mediated by the reduced folate carrier (RFC) and, to a lesser
extent, the folate receptors—the only known folate-specific transporters. Clearly, RFC was
recognized as the mechanism by which folates are delivered to cells from the systemic
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circulation, and there was compelling evidence that RFC-mediated transport of methotrexate
(MTX), the major antifolate in clinical use, was a critical determinant of the activity of this
agent and an important element in resistance. On the other hand, the characteristics of folate
intestinal absorption and transport into a variety of normal tissues had features (i.e., optimal
pH and substrate specificity) that clearly distinguished this process from transport mediated
by RFC. Yet, the prevailing paradigm attributed this transport to RFC without any
significant effort to explore the possibility that there might be another route. In the end, it
was studies on the mechanism of transport of a new-generation antifolate, pemetrexed, that
provided definitive evidence for a second carrier-mediated folate transport pathway, and this
led to the cloning of the proton-coupled folate transporter (PCFT), bringing together, at long
last, these diverse communities of researchers. The identification of loss-of-function PCFT
mutations in human subjects with hereditary folate malabsorption (HFM) provided an
explanation for the molecular basis for this disorder and established this transporter’s critical
role in intestinal folate absorption. This review focuses on PCFT, the major new element in
folate physiology that plays a major role in folate homeostasis and nutrition in man. RFC,
the subject of recent reviews (81, 155), is considered briefly along with folate receptor (FR)-
mediated endocytosis, which is emerging in the pharmacological arena as a major new
vehicle for the targeted selective delivery of cytotoxics and other agents in the treatment of a
variety of malignant and, potentially, other diseases—also the subject of recent reviews (35,
69, 145). Other facilitative carriers in the superfamily of solute carriers (SLC)21 and SLC22
families are considered along with ATP-binding cassette (ABC) exporters with folate
transport activities. Finally, the location of these transporters in cells is considered within the
context of their roles in the vectorial transport of folates across epithelia.

OVERVIEW: THE FOLATE TRANSPORTERS
The Reduced Folate Carrier (SLC19A1)

The RFC (SLC19A1) is the major transporter that delivers folates to systemic tissues at their
ambient neutral pH. The human RFC gene is located on chromosome 21¢22.3; five exons
encode a protein consisting of 591 amino acids. There is one glycosylation site (N58) that is
not required for function (143). The transporter is ubiquitously expressed in human and
mouse tissues (72, 141). RFC is an organic anion antiporter that utilizes the high
transmembrane organic phosphate gradient to achieve uphill folate transport into cells (152,
155). Influx mediated by this carrier is optimum at pH 7.4; as the pH is decreased, activity is
diminished so that at usual constituent levels of expression, there is little activity below pH
6.5 (151). However, with high-level expression, activity can be detected at low pH, but there
is little change in its affinities for folate substrates; the decrease in function is due to a
decrease in Vpax (136). The influx Ky, for MTX and the reduced folates is ~2—7 pM; its
affinity for other antifolates can be at least an order of magnitude greater (35). RFC’s very
low affinity for folic acid (1/100t that for MTX) and its very high affinity for PT523 and
related antifolates (>tenfold that of MTX) distinguish it from PCFT, which has the opposite
specificity for these compounds and a low pH optimum (136). There are two other members
of the SLC19 family (A2 and —A3) that, despite their 40% homology, transport thiamine
and not folates (31, 99). However, their thiamine phosphate derivates formed within cells
are substrates for RFC (150, 152, 155). The topological structure of RFC has been
determined by the substituted cysteine accessibility method (SCAM) and epitope tagging
confirming that 12 transmembrane domains (TM Ds) were divided in half by a large
intracellular loop with N- and C- termini directed into the cytoplasm (13, 30, 73). Human
RFC exists as a homo-oligomer; however, each monomer functions as an independent
transport unit and is fully active (46, 47). The RFC regulatory region and multiple 5/
upstream transcripts in a variety of tissues have been described in detail (72, 155). RFC is
required for embryonic development. Inactivation of both alleles is embryonic lethal in the
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mouse, although with sufficient folate supplementation during gestation, live births are
possible. However, surviving pups die within two weeks due to failure of all hematopoietic
tissues (159). The expression of folate transporters is sensitive to the availability of dietary
folates. When mice and rats are subjected to a low-folate diet, total RFC mRNA expression
and protein are increased in the small intestine (72, 107); the specific RFC transcripts that
are associated with these regulatory changes in intestine and kidney have been characterized
(72, 81, 155).

High-Affinity Folate Receptors

Three folate receptors (FRs) are expressed at the cell surface, anchored in the cell membrane
by a glycosylphosphoinositol (GPI) domain (28). FRa is expressed on the membrane of
epithelial tissues, in particular the placenta, the apical brush-border membrane of proximal
renal tubular cells, retinal pigment epithelium, and the choroid plexus (56). In general,
expression is increased in epithelial cancers (92). FRp is expressed in hematopoietic tissues
(e.g., spleen, thymus, and CD34+ monocytes) and, in particular, in hematopoietic
malignancies such as acute and chronic myelogenous leukemia (104, 135). It is also
expressed on activated macrophages and tumor-infiltrating macrophages (96, 144). FRS is
expressed at high levels on natural and TGFB-induced regulatory T cells (146). FRy is a
secreted protein (117). FRa and FRp have Ky’s for their preferred substrates of 1-10 nM
and transport folates via a receptor-mediated endocytosis (56). In this process, folates bind
to FRs at the cell membrane, which then invaginate and bud off to form vesicles that
circulate in the endosomal compartment, where they acidify. Folates are then released from
the receptors and exit the intact vesicle presumably by a process that operates optimally at
low pH.

FRpB-null mice have no phenotype; disruption of both FRa alleles is embryonic lethal at
about the time of neural tube closure (94). Partial folate supplementation, before and during
gestation, results in fetuses with a variety of developmental defects (119). However, with
sufficient gestational supplementation, normal pups can be delivered that do not require
further folate supplementation. These animals are fertile and have no phenotype aside from
low blood folate due to inefficient renal folate retention (see The Kidney and Folate
Transport section below) (119). Hence, FRa-essential functions are restricted to embryonic
and fetal development and transport across specific epithelia, consistent with its low level of
expression in normal tissues except the proximal renal tubule and the choroid plexus (see
Folate Transport and the Placenta section below). Despite its high expression in the placenta,
FRa is not essential for folate transport across this organ since, as indicated above, FRa-/-
mice are fertile and their progeny viable (10, 74).

The Proton-Coupled Folate Transporter

The cloning of PCFT (SLC46A1) emerged from studies directed to a new-generation
antifolate, pemetrexed; in particular, studies that examined the role of membrane transport in
resistance to this agent (154). The development of pemetrexed and its transport properties
are the subject of a recent review (17). It had been long established that when human and
murine cancer cell lines are subjected to MTX-selective pressure, resistance develops due to
impaired RFC-mediated transport as a result of low expression or loss-of-function mutations
(153). However, when these MTX-resistant cell lines were treated with pemetrexed, they
retained full sensitivity to this agent (18, 154). When transport as a function of pH was
assessed in wild-type Hela cells, there was high activity at low pH, decreasing to about one-
fifth the activity over the neutral pH range. In an MTX-resistant Hela cell line (R5), in
which there was a genomic deletion of RFC, the low pH activity was fully preserved, with
substantial transport activity for pemetrexed retained at pH 7.4 (154). Hence, there was clear
evidence for a transport process genetically distinct from RFC, optimal at low pH, but with
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residual activity at neutral pH. Further studies demonstrated that this low-pH transporter had
all the properties of a carrier-mediated process with a high affinity for folic acid, reduced
folates, MTX, and the highest affinity for pemetrexed at low pH (136, 154). When the Hela
R5 line was subjected to further MTX-selective pressure, a clone, R1, was identified, which
was now resistant to pemetrexed and had lost the low-pH transport activity along with
activity at neutral pH (149). With the definitive evidence for a second folate transport
pathway, these two cell lines were employed to clone this transporter. Candidate proteins
were identified using a data-mining approach and the Ensembl database, and with the search
parameter of Distant Homology encompassing the three SLC19 family members as query.
These proteins were then screened in an attempt to identify a transporter in which the
mRNA was highly expressed in Hela R5 cells, with the low-pH activity, and absent in the
Hela R1 line that lacked the low-pH activity. Using this strategy a human transporter was
identified that met these criteria and had all the functional properties of the low-pH activities
characteristic of transport in intestinal cells, normal and tumor tissues, and cell lines. It was
named the proton-coupled folate transporter (PCFT) (97). Human PCFT is located on
chromosome 17g11.2. It consists of five exons encoding a protein of 459 amino acid
residues. Human PCFT shares 91% similarity and 87% identity to the mouse and rat PCFT
(98). Two Asn sites (N58, N68) are glycosylated but are not required for protein stability,
trafficking, or function (130).

Expression—Human PCFT mRNA is highly expressed in kidney, liver, placenta, and
spleen, and to a lesser extent in brain, testis, and lung. In the intestinal tract, it is highly
expressed in human duodenum and jejunum (97). This was also documented in endoscopic
biopsies of the duodenum with much lower levels of human PCFT expression in terminal
ileum and colon biopsies (131). Mouse PCFT mRNA is highly expressed in kidney, liver,
and to a lesser, but still appreciable, extent in brain, skin, lung, stomach, and testis tissues
(98). Mouse PCFT message is highly expressed in both duodenum and proximal jejunum; it
is barely detectable in the distal small intestine and colon (98). Murine PCFT protein is
expressed on the apical brush-border membrane of proximal jejunum and duodenum (98,
116, 131). PCFT targets to the apical membrane of polarized MDCK canine kidney cells
(123). Caco-2 cells express high levels of PCFT mRNA and have very high levels of low-
pH folate transport activity (97). Because Caco-2 cells form electrically tight monolayers in
culture, this has been utilized as a model for the assessment of mucosal—serosal vectorial
transport (42). Both sh- and si-RNA constructs directed to PCFT were used to abolish ~80%
of the constitutive low-pH folate transport activity in Caco-2 cells. Hence, PCFT mediates
the majority of transport in these cells (97). Vectorial mucosal (pH 5.5) to serosal (pH 7.4)
folic acid and MTX transport has been demonstrated in PCFT-transfected MDCKII cells in
monolayer culture (131).

pH dependency and substrate specificity—Figure 1 (see color insert) illustrates the
pH profile of transport mediated by PCFT and RFC in Hela cells. PCFT-mediated transport
markedly decreases as the pH is increased; the RFC-mediated component is optimal at pH
7.4 and negligible below pH 6.5. The top panel of Figure 2 (see color insert) illustrates the
kinetic basis for these changes in PCFT-mediated transport for three substrates. The
increases in influx K, for folic acid and pemetrexed are modest to pH 7.0; the increase for
MTX is greater. However, there are marked increases when the pH is further increased to
7.4 (MTX > folic acid > pemetrexed). The bottom panel of Figure 2 shows the much greater
decrease in the influx Vyax for folic acid relative to pemetrexed as the pH is increased to
6.5, following which this parameter is stable as the pH is increased to 7.4. Hence, loss of
function with increasing pH is due to an increase in influx K, and a decrease in influx Vax,
the least prominent for pemetrexed, consistent with the preservation of the pharmacological
activity of this agent in the absence of RFC (17, 97, 154, 158).
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Human PCFT has a high affinity for folic acid, 5-methyltetrahydrofolate (5-methylTHF),
and 5-formyltetrahydrofolate (5-formylTHF) at pH 5.5 (i.e., ~1-5 uM). It highest affinity
among folate analogs is for pemetrexed (~0.2-0.8 uM) and lowest for PT523 (>100 M)
(136, 154). MTX polyglutamates are not substrates for PCFT; this is assumed to be relevant
to folate polyglutamates (98). A variety of anionic compounds are weak inhibitors of PCFT-
mediated folate transport. For instance, 200 pM bromosulfophthalein, para-amino-
benzoylglutamate, or 4,4’-diisothiocyano-2,2’-stilbenedisulfonic acid inhibit uptake of 10
nM 3H-folic acid in human PCFT-transfected HEK 293 cells (87). Likewise, high
concentrations of indomethacin (1 mM) or sulfasalazine (0.2 mM) inhibit 10 nM 3H-folic
acid uptake into everted sacs of rat jejunum at pH 5.5 (51). The K; for sulfasalazine
inhibition of folic transport into MDCKII cells is 42 uM; the K| for pyrimethamine is ~162
M. Although their inhibitory effects on PCFT-mediated folate transport are clear, it is not
known whether any of these structurally unrelated anions are actually transported by this
mechanism (51, 87). These observations led to the proposal that ingestion of these and other
pharmacologic agents could affect the absorption of folates (51, 131). This might account
for the folate deficiency associated with the administration of some of these drugs, for
instance, in the treatment of patients with rheumatoid arthritis with sulfasalazine (39, 55).
This could also affect the intestinal absorption of MTX that is administered with
sulfasalazine in the treatment of rheumatoid arthritis. Substantial inhibition by sulfasalazine
of PCFT-mediated intestinal folate or MTX absorption was predicted on the basis of these
observations (87, 131).

Electrophysiology—MTX transport is electrogenic. When PCFT cRNA is injected into
Xenopus oocytes, current is detected; the lower the pH, the greater the current. The higher
the transmembrane voltage gradient, the higher the current. Current as a function of folate
substrate concentration follows Michaelis-Menten kinetics, with kinetic constants
comparable to those obtained from studies with radiolabeled folates in PCFT-transfected
mammalian cells (97, 127). The Xenopus oocyte system provides the opportunity for very
accurate assessment of the transport properties of physiological folates and folate analogs,
that are not radiolabeled, mediated by PCFT. Currents generated by PCFT (the flow of
positive charges) are caused by the cotransport of protons in excess of the folate negative
charge. Proton coupling was confirmed by the cellular acidification that accompanies folate
transport into oocytes (128).

Transport in the absence of a pH gradient—It is of particular importance that
although PCFT-mediated transport is maximum at low pH, transport is also detected at pH
7.4 in human cells and in Xenopus oocytes that express PCFT (97, 127). This accounts for
the ability of this transporter to decrease the growth requirement for folic acid and 5-
formylTHF and to decrease the 1Cgq for pemetrexed (a preferred substrate) in cells growing
at neutral pH in vitro (158). The transporter operates even when there is no transmembrane
pH gradient; under these conditions, transport is based, in part, on the membrane potential.
Hence, when the membrane potential is increased, folate-induced currents are increased at
pH 7.4 (97, 127). Beyond the membrane potential, transport is also sensitive to the folate
gradient. As that gradient increases, transport increases; indeed, at low membrane potentials
the current reverses and becomes negative, reflecting the negative charge of the folate
molecule and the folate-PCFT complex (97, 127). This transporter also has channel-like
activity. At low pH, current can be demonstrated in the absence of folate substrate in
Xenopus oocytes that express PCFT (76, 128). Hence, protons alone can flow through the
aqueous translocation pathway uncoupled from the flow of folate. Channel-like activities
have been observed for other facilitative carriers and membrane-spanning molecules (24).
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Topology—Like RFC, PCFT has a predicted secondary structure typical of members of the
superfamily of solute carriers. The Cys-less protein retains nearly complete transport
function; hence, Cys residues could be inserted into putative intracellular and extracellular
loops in order to employ the substituted cysteine accessibility method (SCAM) to
characterize the topological structure of this transporter. When biotin-methanesulfonate
treatment, followed by pull-down with streptavidin beads, was used it was possible to
discriminate between (a) residues accessible in nonpermeabilized cells (extracellular loops)
and (b) residues accessible only in permeabilized cells (intracellular loops) (161). A similar
strategy was used to confirm the intracellular location of the N-and C- termini,
hemagglutinin-tagged individually and visualized with an antihemagglutinin antibody, only
after permeabilization (98, 130). Figure 3 (see color insert) illustrates the predicted PCFT
topology, now confirmed by these studies, and indicates the regions of the protein encoded
by each exon. It can be seen that exon two encodes eight of the twelve PCFT TMDs. A
disulfide linkage exists between Cys66, in the first extracellular loop, and Cys298, in the
fourth extracellular loop, that is not required for function (161).

Structure-Function—Since the cloning of this transporter, knowledge has emerged on the
structural elements required for its function informed by residues (a) mutated in subjects
with hereditary folate malabsorption (HFM) and (b) identified by site-directed mutagenesis.
The Glul85 residue is critical to proton coupling. Mutations of this residue that result in a
profound loss of function at pH 5.5 preserve function at pH 7.4 in the absence of a pH
gradient (129). The His281 residue appears to play an important role in proton binding
(128): When it is mutated, there is a marked decrease in affinity for folate substrates that is
reversed, in part, when the proton concentration is increased. These observations suggest
that the His281 residue plays an important role in proton binding, which in turn allosterically
affects the folate binding pocket. Mutations at this site decrease carrier affinity for proton(s),
which in turn decrease the affinity for folate substrates. Mutations at His281 do not abolish
cellular acidification accompanied by folate transport so that this residue is not required for
proton coupling (128). Hence, proton binding can be distinguished from proton coupling.
The fully conserved His247 residue is located in the large central intracellular loop between
the sixth and seventh TMDs. Molecular modeling predicted, and experimental observations
were consistent with, an interaction between His247 and Ser172 (located in the second
intracellular loop between the fourth and fifth TMDs) that limits access of extracellular
folate substrates to the folate binding pocket and is a determinant of the selectivity of folate
binding to the carrier. When either of these residues was mutated to Ala, the influx K, was
markedly decreased and the selectivity of folate binding was eliminated (128).

Aspl09 is absolutely required for function. When mutated, the carrier is inactive,
irrespective of charge or polarity of the substituted residue (118). There is only trivial
preservation of function with like-charged substitutions at the Arg113 residue (66). Both
residues are located in the intracellular loop connecting the second and third transmembrane
domains. The data suggest that this region may be required for carrier oscillation between its
two conformational states during the transport cycle. This is to be distinguished from a role
in either folate or proton binding. This loop encompasses a D;ggXXGRR114 trafficking
domain. When these residues were mutated with multiple Ala substitutions, PCFT
trafficking to the apical membrane of polarized MDCK cells was disrupted, with protein
trapped in the cytoplasm (123). Despite the apparent role of this region in PCFT trafficking,
mutation of the D109 residue did not alter PCFT accessibility at the plasma membrane of
Hela cells (118). The R376 residue is an important determinant of substrate binding;
mutations at this site produce a protein with altered substrate selectivity properties (76).
Finally, the D156 residue is important for proper protein folding and trafficking to the cell
membrane (118).
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Regulation—Information is beginning to emerge on the regulation of PCFT. PCFT
expression is substantially augmented by vitamin D3 in Caco-2 cells and in rat duodenal
biopsies in vitro (29). The impact on transport function in Caco-2 cells was modest (a
~twofold increase) but correlated with the increase in PCFT mRNA. A vitamin D receptor
response element (VDRE) was identified within positions —1694/-1680 with respect to the
transcriptional start site. The cotransfection of the vitamin D receptor and the retinoid X
receptor-a in Caco-2 cells, in the presence of vitamin D3, markedly induced the activity of a
PCFT promoter luciferase reporter construct. Deletion of the VDRE resulted in only a 50%
decrease in the vitamin D3 response, consistent with the presence of at least one other
VDRE. Transactivation of the PCFT DR3-like motif by both the vitamin D receptor and its
heterodimeric partner, retinoid X receptor-a, was confirmed by electromobility gel shift and
chromatin immunoprecipitation assays (29). This unexpected relationship between vitamin
D sufficiency and PCFT expression, which could affect intestinal folate absorption and
folate homeostasis, is of particular interest in view of the prevalence of vitamin D deficiency
worldwide (95).

The minimum transcription regulatory region in Hela cells has been localized between —42
and +96 bases from the transcriptional start site (26, 121). Recently, a role for the nuclear
respiratory factor 1 (NRF1) in the regulation of PCFT in Hela cells was reported (36). NRF1
binding sites were indentified in the PCFT promoter. Gel shift assays indicated direct
binding between nuclear extracts isolated from Hela cells and PCFT oligonucleotides
containing the NRF1 sites. The protein-oligonucleotide complex supershifted to a higher
molecular weight complex in the presence of an NRF1-specific antibody. Chromatin
immunoprecipitation with the same NRF1 antibody coprecipitated with a PCFT promoter
fragment. Overexpression of an NRF1-VVP16 construct resulted in a sixfold increase in
PCFT reporter activity. An NRF1 siRNA decreased NRF1 transcript and protein along with
PCFT transcript levels, although changes in PCFT protein levels and impact on transport
function were not reported (36). NRF1 is a key transcription factor involved in the
biogenesis of mitochondria and the regulation of mitochondrial genes. Since mitochondria
play an essential role in one-carbon reactions, and folates are important to mitochondrial
integrity, a case was made for the biological relevance of a role for NRF1 in the regulation
of folate sufficiency through an impact on intestinal folate absorption (36). It remains to be
seen whether these observations, obtained under in vitro conditions, are relevant to intestinal
folate absorption in vivo and can account for the large increase in PCFT expression in the
small intestine of folate-deficient mice (98). The extent of methylation of the highly GC-rich
PCFT promoter is another potential mechanism of regulation of this transporter. This was
recently shown to be associated with the low levels of PCFT expression in two T-cell
leukemia cell lines (37). This may be relevant to PCFT expression in lymphoma and
leukemia cells, in general, that appear to have low levels of folate transport activity at low
pH (41). Hypermethylation of the PCFT promoter was also associated with the loss of PCFT
activity in the MTX-resistant Hela R1 cell line (26). In both cases, treatment with a
demethylating reagent increased PCFT expression and transport function. Alterations in the
methylation of the PCFT promoter could represent a mechanism by which absorption of
folates are regulated in the small intestine. Hence, the hypomethylation that can accompany
folate deficiency under some conditions (138) could result in activation of PCFT expression
and increased intestinal folate absorption. Folate excess would have the opposite effect by
turning off transcription of this gene. It will be important to assess, in future studies, the
impact of folate deficiency in vivo on methylation and expression of PCFT.

Folate absorption in humans, in vivo, is modulated by conditions and drugs that alter the pH
of intestinal fluid. In subjects with pancreatic insufficiency, intestinal folate absorption is
increased (105), whereas in subjects treated with antacids or H2 receptor antagonists,
absorption is decreased (106). PCFT expression may also change in response to a change in
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pH at the transport interface. Hence, PCFT mRNA was decreased by ~50% in duodenal
biopsies from a small group of subjects treated with proton-pump inhibitors in comparison
with untreated controls (131).

A Role for PCFT in the Transport of Heme-lIron?—One year before the identification
of PCFT as a high-affinity folate transporter, this carrier was reported to be a low-affinity
hemin (heme-Fe) transporter designated as heme carrier protein-1 (116). This was followed
by several other reports from the same laboratory (65, 68). A high level of endogenous
hemin uptake was noted in Hela cells, with only a modest further increase in PCFT-
transfected cells. The hemin uptake K, was in excess of 100 pM, estimated at 125 pM, and
there was no evidence for pH sensitivity over a pH range of 6.5-8.5. Uptake of hemin into
everted duodenal sacs was noted to be modestly decreased (30%) by an antibody to the C-
terminus. However, that region of the carrier is located within the cytoplasm and would not
have access to the protein in nonpermeabilized cells. Uptake of hemin in Caco-2 cells was
modestly increased (~30%) after transfection of PCFT (68) and was slightly decreased
(~20%) when these cells were subsequently treated with PCFT siRNA (65).

PCFT expression in the duodenum was increased in mice exposed to hypoxia for several
days; this was accompanied by a small (~37%) increase in duodenal hemin uptake (116).
Hemin uptake into mucosal segments from normoxic mice was unaffected by folic acid, but
the increase in hemin uptake in duodenal segments from hypoxic mice was slightly
decreased (~25%) by folic acid. Although folic acid uptake into everted duodenal sacs was
inhibited by hemin, there was no effect of hemin on folic acid uptake in sacs from hypoxic
mice in experiments performed at neutral pH (65).

Several other laboratories have reported observations relevant to this issue. Zinc
protoporphyrin uptake was not increased in human PCFT-transfected HEK293 cells (87),
and although hemin was a very weak inhibitor of folic acid uptake into Xenopus oocytes,
neither heme nor hemin currents could be detected in this system (97, 127). Although it is
possible that PCFT-mediated hemin transport is not electrogenic, neither heme nor hemin
inhibited folic acid—induced currents in PCFT-expressing Xenopus oocytes (127).

Taken together, these observations suggest that PCFT is at most a weak hemin transporter
(2). The primacy of PCFT’s role as a folate transporter is compelling, and its physiological
role as an intestinal folate transporter is confirmed by its inactivation in HFM (77). A critical
issue is whether PCFT-mediated hemin transport contributes in any significant way to the
intestinal absorption of iron. This is unlikely to be the case. PCFT—/- children with HFM
are not iron deficient (84, 97, 156), and PCFT-/- mice have high levels of blood and liver
iron (R. Finnell, personal communication). A careful analysis of intestinal iron absorption
and iron homeostasis in PCFT—/— mice should definitively resolve this issue.

ANALYSIS AND IMPLICATIONS OF TRANSMEMBRANE FOLATE
GRADIENTS AND FLUXES

The transmembrane gradient of free monoglutamy!| folates achieved within the intracellular
water is determined by the net impact of several factors. The pK,s of the two glutamate
residues of folate molecules are 3.5 and 4.5, so that under the physiological conditions in
which these transporters operate, folates carry a net negative charge. Since there are high
voltage gradients across mammalian cells, the folate chemical gradient at thermodynamic
equilibrium will be less than one. For instance, if the membrane potential is —60 mV, and
assuming the folate molecule is a bivalent anion, the predicted transmembrane chemical
ratio (intracellular to extracelluar concentration) based upon the Nernst equation is 0.3. Any
ratio above this would represent uphill transport into the cell. If the intracellular and
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extracellular concentrations were the same, i.e., the ratio was 1, the electrochemical-
potential gradient would be 3. Although transport would not be concentrative, it would
nonetheless be uphill and therefore energy dependent.

Both facilitative carriers generate transmembrane folate gradients, but by very different
mechanisms. PCFT is a proton symporter that utilizes the transmembrane proton gradient to
achieve uphill folate transport into cells. Under conditions in which there is a proton
gradient, as in the proximal small intestine, where the pH in the microenvironment is far less
than in the cellular compartment, the downhill flow of protons into cells provides the energy
for the uphill flow of folates in the same direction (97, 98, 128). On the other hand, RFC is
an organic anion antiporter that utilizes the large transmembrane organic phosphate gradient
across the cell membrane to achieve uphill transport of folates into the cell. In this case, the
downhill flow of organic phosphates out of the cell is coupled to the uphill flow of folates
into the cell by the same mechanism (150, 152, 155).

Opposing these concentrative processes are a variety of ABC transporters that are low-
affinity, high-capacity pumps in which export of folates is linked directly to the hydrolysis
of ATP. When these pumps are blocked with metabolic inhibitors or other transport
substrates, efflux of folates is markedly diminished, and the transmembrane folate gradient
is markedly increased (5, 33). Analysis of folate efflux properties and kinetics is
complicated by the multiplicity of efflux routes dominated by the high-capacity ABC
exporters. The RFC-mediated efflux component is small in comparison, and the contribution
of PCFT at the neutral pH within the cell should be negligible.

THE INTESTINAL ABSORPTION OF FOLATES AND HEREDITARY FOLATE
MALABSORPTION

Transport Across the Apical Brush-Border Membrane of the Proximal Small Intestine

Folates ingested and folates delivered via the bile duct to the duodenum are absorbed in the
proximal small intestine in an acid microenvironment (pH 5.8-6.0) achieved by Na*/H*
exchangers (21, 82, 109). Dietary folates, largely 5-methylITHF, are ingested as
polyglutamates and are hydrolyzed to the monoglutamate by a y-glutamyl hydrolase that has
optimal activity at low pH (16). This is required for transport across the apical brush-border
membrane since MTX polyglutamates are not substrates for PCFT (98). It is assumed that
this is also the case for folate polyglutamates. In the early 1970s, it was established that the
intestinal absorptive process is mediated by a folate-specific transport mechanism in studies
encompassing intestinal segments in vivo and in vitro, everted sacs, and membrane vesicles
(78, 115, 155). However, the underlying molecular mechanism was unclear. What was clear
was that this process was optimal at low pH, and the influx K, and/or K; for folic acid,
MTX, and reduced folates was ~1-2 pM (79, 115). Shortly after RFC was cloned (27),
expression of the identical protein was identified in murine small intestine and was
designated as the intestinal folate carrier; intestinal absorption was attributed to transport by
this mechanism (63, 108). Indeed, RFC is highly expressed along the entire intestinal apical
brush-border membrane in a location consistent with a role in transport at these sites (137).
However, despite the discrepancy between the pH dependency of RFC-mediated transport
and folate transport in intestinal systems, along with the low affinity of the former and high
affinity of the latter for folic acid, the paradigm persisted. Although posttranslational
modification of RFC in the intestine was proposed to account for these differences, no such
change was identified (20, 63). Ultimately, the cloning of PCFT, a transporter with optimal
activity at low pH and high affinity for folic acid, resolved this paradox (97).

The role that PCFT plays in intestinal absorption of folates was established with the
observation that there are loss-of-function mutations in this gene in the rare autosomal
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recessive disorder HFM (97, 156). HFM is characterized by the onset of macrocytic, folate-
deficiency anemia and failure to thrive within the first few months of life. This may be
accompanied by hypoimmunoglobulinemia associated with infectious complications, most
frequently Pneumocystis jiroveci pneumonia. The syndrome is characterized by
developmental delays, gait disorders, peripheral neuropathies, and, in the absence of
adequate and timely treatment, seizures (34, 77). The pathophysiology of this disorder is
attributed to two functional defects: (a) impaired intestinal folate absorption and (b)
impaired folate transport across the choroid plexus, manifested by very low levels of folate
in the cerebrospinal fluid (CSF) even when the blood folate level is normalized. At the time
PCFT was cloned, 11 families had been reported in which at least one member had the
clinical syndrome of HFM (34, 54). This laboratory has studied affected subjects from four
of these families; all had loss-of-function PCFT mutations involving both alleles (one
unpublished) (84, 97, 156). An additional 16 families, with at least one subject with the
clinical diagnosis of HFM, have been studied; all have loss-of-function PCFT mutations
(nine unpublished) (6, 76, 118, 156). Since the initial reports from this laboratory, three
subjects with HFM and PCFT mutations were subsequently reported by other groups (11,
67, 83). Hence, there is now a total of 23 families with confirmed PCFT mutations
associated with HFM. This human model of the PCFT-null state establishes that under
conditions of physiological folate intake, PCFT is required for intestinal folate absorption
and folate sufficiency in man. The fact that subjects who are PCFT null develop severe
folate deficiency indicates that RFC does not contribute significantly to folate absorption
under these conditions despite its presence in the intestinal epithelium. This is at least in part
because this transporter operates very inefficiently in the low-pH microenvironment at the
proximal small intestinal absorptive surface.

Ramifications of the Therapeutic Impact of High Oral Folate Loads in the Treatment of
Hereditary Folate Malabsorption

Patients with HFM have been treated with oral and/or parenteral folates. The systemic folate
deficiency is readily corrected with oral pharmacological doses of 5-formylTHF
(leucovorin- racemic) or folic acid. Correction of the central nervous system folate
deficiency is more challenging (see section titled Nourishing the Brain in Children with
Cerebral Folate Deficiency Due to Hereditary Folate Malabsorption or Loss-of-Function
FRa Mutations). When it is studied carefully, the malabsorption of an oral folate load in
subjects with HFM is clear (34, 77). Some clinical reports are difficult to interpret because
the “folate” administered may not be defined, and the route, dose, scheduling, and folate-
containing medications and blood transfusions may not be reported. In any event, at high
oral doses of folic acid or 5-formyITHF, normal blood levels are readily achieved; however,
the mechanism of intestinal absorption is unclear. As the pH is reduced, there is little change
in the affinity of RFC for its folate substrates; the loss of function is due to a decrease in
Vmax: @ Kinetic change that, unlike a high K, does not allow compensation by increasing
the substrate concentration (136). On the other hand, RFC-mediated transport should be
possible in more distal segments of the small intestine where RFC is expressed and the pH is
within its optimal range. Unanswered, however, is why this would not occur with a
physiological folate load that escapes absorption in the proximal jejunum in subjects with
HFM. It is possible that RFC located at the apical membrane is not functional or accessible
in these tissues, irrespective of pH. Also arguing against a role for RFC is the observation
that pharmacological doses of folic acid are absorbed in these subjects despite the fact that
the affinity of RFC for this folate is one-hundredth that of 5-formylTHF. The possibility that
another member of the SLC superfamily might mediate folate absorption in the absence of
PCFT has not been fully explored. Several SLC21A members appear to have substrate-
specific low pH optima (40, 71). SLC21A9 (OATP-B) is expressed in small intestine,
localized to the apical brush-border membrane (60). This transporter operates most
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efficiently at low pH for its organic anion substrates (60, 71, 89) and has been assumed to be
proton-coupled because when the transmembrane proton gradient is inhibited by FCCP,
transport of its substrates is decreased (89). However, its capacity to transport physiological
folates or antifolates has not been reported.

Transport Across the Basolateral Membrane of Proximal Small Intestine

Intestinal folate absorption requires vectorial transport from the lumen to the serosal space
across two membranes, the apical brush-border membrane and the basolateral membrane
(Figure 4A, see color insert). The former process is now understood. Studies in multidrug
resistance-associated protein (MRP)3—/— mice provide some information on the latter
process (58, 59). Following an oral folate substrate load in these animals, (a) the maximum
folic acid and MTX blood levels and areas under the curve were markedly reduced, but (b)
there was no significant decrease in the 5-formylTHF and 5-methyl THF blood levels or
areas under the curve, although the absorptive process of the former was significantly
slower. The endogenous 5-methyl THF blood levels in mice fed the standard folic acid—
containing chow (very high folate content) were the same in MRP3-/- and wild-type mice,
and there was no difference in the blood homocysteine levels, a more sensitive indicator of
folate deficiency. Interpretation of these studies in everted sacs from these mice is
complicated since transport was evaluated at a mucosal pH of 6.8, much higher than the pH
at the absorptive surface in vivo. However, the trend is similar: Folic acid (in particular), 5-
formylTHF, and (to a much lesser extent) 5-methyl THF transport was decreased across
duodenal sacs from Mrp3—-/- mice. There was no change in transport of the former two in
jejunal sacs. Hence, in mice, MRP3 appears to plays a role in the absorption of oxidized
folates primarily in the duodenum. There was no change in MTX blood levels or area under
the curve in MRP4-/- mice after an oral MTX load. It is unclear, however, the extent to
which these observations are relevant to the absorption of folates across the basolateral
membrane of these tissues in humans. MRP1 and MRP5 are also expressed at the basolateral
membrane. MRP5 transports MTX mono- and diglutamates with comparable Kinetics (23,
142). Their role, if any, in folate absorption in humans in not clear; this has not been
evaluated in mice null for these transporters.

FOLATE TRANSPORT ACROSS THE HEPATIC BASOLATERAL MEMBRANE

Folates absorbed in the proximal small intestine are delivered via the hepatic portal vein to
the hepatic sinusoids, where they are transported across the basolateral membrane into
hepatocytes. PCFT is highly expressed in the liver (97, 98) at the basolateral membrane
(unpublished findings) where, functionally, there is a high level of low-pH MTX and 5-
methyl THF transport activity but a very low level of activity at pH 7.4. These observations
are based upon studies with hepatic basolateral membrane vesicles, reflecting the dominance
of PCFT at this site (44, 45). Na*/H* exchangers are expressed in the basolateral membrane
(3); however, the pH at the membrane microenvironment is not known. Two members of the
SLC21 family of solute carriers are expressed at the basolateral membrane and transport
MTX: SLC21A6 (OATP-C; LST-1) and SLC21A8 (OATP-C; LST-2) (1, 61). The MTX K,
ranges from ~25 to 40 pM, and transport is comparable for the two carriers, although the
latter does not transport folate (1). There is no information on the transport of 5-methylTHF
by these mechanisms. MRP3 appears to increase efflux of MTX from hepatocytes across the
basolateral membrane into the hepatic sinusoids, based upon studies in MRP3—/- mice (58).
MRP2 mediates export of MTX across the canalicular membrane into the biliary system to
begin the cycle of enterohepatic circulation (80). MRP2 transports 5-methyl THF with a
higher affinity (K, = 0.12 mM) (64) than MTX (K, = 0.3 mM) as assessed in rat
canalicular membrane vesicles (80). MRP5 is also expressed at the basolateral membrane
(142). ABCG2(BCRP) is expressed in the canalicular membrane with a K, for MTX of 0.7-
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1.3 mM (19, 134). However, unlike MRP2, which transports MTX monoglutamate, ABCG2
transports MTX mono-, di-, and triglutamates and has optimal activity at low pH (12, 19).

FOLATE TRANSPORT ACROSS THE CHOROID PLEXUS

Mechanism

The choroid plexus functions primarily to clear substrates and metabolites from the CSF by
export into the blood (112). Its role in folate homeostasis in the central nervous system is,
apparently, quite different. Under physiological conditions, in the adult, the folate
concentration in the CSF is two- to three-fold greater than in blood, consistent with active
transport from blood to CSF across the choroid plexus. As indicated in Figure 4B (see color
insert), PCFT is expressed along the basolateral membrane of the choroid plexus in
apposition to capillary endothelial cells (157). Na*/H* exchangers are expressed at this
membrane, but there is no information on the pH at the microclimate of the transport
interface (111). The location of PCFT is consistent with a role in transporting folates from
blood into choroid plexus ependymal cells. FRa is highly expressed at the apical brush-
border membrane within the CSF and to a lesser extent at the basolateral membrane (57, 93,
113, 139, 140). Its dominant location is consistent with a role in extracting folates from the
CSF. RFC is highly expressed at the apical brush-border membrane, also poised to extract
folates from the CSF, although it operates quite well bidirectionally (137). MRP1 and MRP4
are expressed on the basolateral membrane (70, 100). ABC exporters that transport folates
have not been identified on the apical membrane.

Beyond consideration of location, two genetic disorders provide compelling evidence of a
role for both PCFT and FRa in transporting folates across the choroid plexus. The role of
PCFT is clear. Subjects with HFM have a severe transport defect at the choroid plexus,
which has been detected at the earliest times after birth that CSF folate levels have been
measured. Even when the blood folate level is normalized, CSF folate remains very low, and
a normal gradient (CSF/blood) is never achieved. It requires supraphysiological blood folate
levels to normalize CSF folate, particularly in infants and children who normally have very
high CSF folate levels (see next section) (34, 77). Recently, loss-of-function mutations in
FRa have been reported in children with a cerebral folate deficiency disorder that manifests
clinically several years after birth (14, 122). In contrast to HFM, intestinal folate absorption
in these children is normal, as are their folate blood levels, but CSF folate levels are
negligible.

These observations suggest the possibilities that these transporters act in tandem and that
both are required to achieve folate transport from blood to CSF. It is possible that PCFT is
required for the export of folates from acidified endosomes during receptor-mediated
endocytosis. PCFT is coexpressed with FRa in endosomes and has been shown to augment
FRa-mediated transport (157). However, it is clear that FRa-mediated endocytosis can
occur in some cells that lack PCFT expression or with folate analogs that have a very low
affinity for this transporter (25). The enigma here is that children with loss-of-function FRa
mutations, unlike children with HFM, present with neurological disorders several years after
birth. Complicating the understanding of this discrepancy is the apparent lack of relevance
of the FRa—/—mouse. This lesion is embryonic lethal, but normal births are possible when
the dam is supplemented with folate during gestation. Other than a decreased folate blood
level and an increased renal folate clearance, the adult animals have a normal phenotype (10,
119). However, despite the lack of signs of neurological deficits, these mice could still have
low CSF folate levels, a possibility that should be evaluated in the future. This difference
between the FRa-null mouse and human phenotype raises the possibility that another
transporter is expressed, such as FRf, that protects children during embryonic and fetal
development and early life, as has been suggested (122). In addition, the normal folate blood
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levels in FRa-null children may provide some CSF folate that contributes to the delay in
onset of the clinical manifestations of this disorder.

RFC (137) and PCFT (unpublished findings) are also found at the blood-brain barrier. The
presence of the former would limit the areas of the brain subjected to folate deficiency in
HFM. It is not likely that PCFT contributes significantly to the transport of folates across
this barrier, where the pH should be 7.4 due to the high arterial blood flow. ABCG2 and
MRP1-MRP5 are localized to the luminal surface of brain capillary endothelial cells. Their
impact on net folate transport into the brain is unclear (32, 88, 148).

Nourishing the Brain in Children with Cerebral Folate Deficiency Due to Hereditary Folate
Malabsorption or Loss-of-Function FRa Mutations

A major challenge that is emerging in the treatment of children with HFM is the prevention
of seizures that can occur early in the disorder or years beyond infancy (34, 76, 77, 118).
The fact that a child is seizure free during the first few years of life does not ensure that
treatment is adequate and that seizures will not occur at a later time. What is generally not
appreciated is that CSF folate levels in infants are very high, and they remain high during
the first 10 to 15 years of life. For instance, the CSF folate levels in the first year are 100 to
150 nM, dropping to ~70 to 90 nM by age 5 and remaining in the 60 to 90 nM range beyond
age 10 (90, 91, 133). The endpoint for treatment should be based upon the folate level that is
normal for the age of the patient. These considerations are relevant also for children with
loss-of-function mutations in FRa. Although both disorders are commonly treated with
high-dose oral folates, reported CSF folate levels are frequently below normal for the age of
the patient. It may not be feasible to achieve required levels with oral dosing. However, IM
administration will achieve physiologically relevant CSF folate concentrations at much
lower doses. Folic acid should not be used for the treatment of these disorders. Folic acid is
a pharmacological agent that must be reduced to dihydrofolate (very inefficiently) before it
can enter the one-carbon cycle. Ultimately, it is converted to the physiological folate, 5-
methylTHF. More important, folic acid binds virtually irreversibly to FRa, essentially
preventing its use for transport of the physiological folate, 5-methyl THF (56). This effect of
folic acid may be particularly harmful to the transport of 5-methyl THF across the choroid
plexus.

THE KIDNEY AND FOLATE TRANSPORT

The kidney very efficiently conserves folates filtered at the glomerulus by their essentially
complete reabsorption in the proximal tubules (Figure 4C, see color insert). FRa, highly
expressed at the apical brush-border membrane, and RFC, expressed at the basolateral
membrane, are positioned within the tubule to work in tandem in this process as substrate
moves from the apical then basolateral membranes into the peritubular fluid and capillaries
(10, 137). However, RFC’s antiporter function favors transport into cells. PCFT is highly
expressed in the kidney (97, 98), and while its location within the renal tubules has not as
yet been clarified, the high level of low-pH folate transport activity in renal tubule brush-
border membrane vesicles makes it likely that PCFT is expressed at this site (8, 9). Whether
PCFT might facilitate FRa function or transport folate directly across the proximal tubule
membrane is not clear. The acidity in the lumen of the proximal tubule is not sufficiently
low (pH 6.8) for PCFT to have much function (53). There is compelling evidence that FRa
efficiently extracts all folates from the glomerular filtrate at physiological folate blood
levels. It is only at high blood folate levels that the reabsorptive process becomes saturated
(10, 38, 114). The role that FRa plays in this process is supported by studies with FRa—/-
mice (10). On usual chow, these mice have a low plasma folate level due to increased
urinary folate clearance. On a folate-deficient diet there is tenfold higher folate excretion
relative to the wild-type animals. Excretion of a 5-methylTHF load is also increased, and
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renal accumulation is decreased in FR-/- mice (10). Renal clearance of folates in PCFT-/-
subjects with HFM has not been studied in detail. The role of the folate transporters in
modulating the renal conservation of folates has been considered previously (22) and is the
subject of a recent review (155).

Beyond these transporters with high specificity for the folates, several other members of the
superfamily of human solute carriers may contribute to the transport of folates in the kidney.
However, studies that have addressed this issue have focused on the pharmacological impact
of these transporters so that most of the functional data have employed MTX as substrate.
SLC21A3 (OATP-A) is a transporter that, for some substrates, functions optimally at low
pH but is not proton-coupled. It is expressed in the apical membrane of the distal tubule and
has a low affinity for MTX (~450 M) (7). Three members of the SLC22 family transport
MTX (102). SLC22A6 (OAT-1) and SLC22A8 (OAT-3) are expressed on the basolateral
membrane of the proximal tubule. The former has a very low affinity for MTX (K, ~ 725
M at pH 7.4); the affinity of the latter is much higher (K, = 11-18 M) (15, 102, 126,
132). These are a-ketoglutarate antiporters in which the downhill flow of a-ketoglutarate
from cells is linked to the uphill transport of its substrates into the cell (102). Hence, these
carriers are positioned to transport their substrates from the blood/serosal fluid into the renal
tubule cells in a way that would favor secretion of its substrates into proximal tubule lumen.
Although this could contribute to MTX secretion (110), the affinity of these transporters for
physiological folates is not known, nor is there evidence for the secretion of natural folates.
SLC22A7 (OAT-2) is also expressed at the basolateral membrane of proximal tubule
epithelial cells and transports MTX (102, 124). OAT-4 is located in the apical brush-border
membrane of the proximal tubule with a K, for MTX of ~18 pM (126).

A number of the ABC transporters are expressed in the kidney and could affect renal folate
conservation and antifolate excretion. MRP2, MRP4, and ABCG?2 are expressed at the
apical brush-border membrane, while MRP1, MRP3, and MRP4 are expressed at the
basolateral membrane (23, 103). The former could play a secretory role; the latter would
facilitate vectorial transport of folates from proximal tubule fluid to the peritubular fluid and
blood.

FOLATE TRANSPORT AND THE PLACENTA

There is full redundancy for all three folate transporters in the placenta (75, 97, 101, 139,
141). There is a high level of low-pH folate transport activity, with a lower level of activity
at neutral pH, as assessed in the BeWo trophaoblastic cell line. There is vectorial transport
driven by a pH gradient when these cells are grown as a monolayer (125, 147). Four ABC
transporters, MRP1, MRP2, MRP3 and ABCG2, are expressed at the apical (maternal)
membrane of the placenta opposing folate transport to the fetal circulation (23, 103, 120).
However, there is evidence that MRP1 and MRP3 are also localized in the basolateral
surface of fetal blood vessel endothelial cells (86).

FRa-null mice are fertile. Recently, a woman in her late twenties with HFM, supplemented
since shortly after birth with IM 5-formyITHF and with a homozygous stop-codon insertion
in the first extracellular PCFT loop between the first and second TMDs (84), had a normal
term pregnancy and delivered a normal infant (unpublished findings).

ALTERATIONS IN MEMBRANE TRANSPORTERS IN THE ADAPTATION TO
FOLATE DEFICIENCY

Although considerable information exists regarding the regulatory regions of RFC, and
some emerging information is available regarding PCFT, it is not yet clear as to what signals
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regulate expression of these transporters in the intact animal. Folate homeostasis is
determined by the amount of folate in the diet, the efficiency of intestinal absorption of
dietary folate and folate in the enterohepatic circulation, and folate retention by the kidneys.
In the mouse, folate deficiency results in a marked increase in RFC, PCFT, and FRa
transcripts in the small intestine and kidney (72, 98). This was documented for RFC protein
as well as for message in jejunum along with enhanced transport into jejunal brush-border
membrane vesicles at pH 5.5 from folate-deprived rats (107). These adaptive changes should
maximize intestinal folate absorption and renal folate conservation.

Several of the ABC exporters are low-affinity, high-capacity folate transporters. These
include MRP1-MRP5 and ABCG2 (48, 62). Their effects on folate homeostasis in vivo are
mixed and depend upon their location in epithelia along with changes in their expression
that occur in response to folate restriction. MRP1 and MRP3 expression is markedly
increased in the intestine of folate-starved mice; there was no change in expression of
MRP4, and there were no significant changes in expression of these exporters in the kidney
(72). MRP1, MRP3, and MRP5 are expressed in the basolateral membrane of the duodenum
and jejunum, a location that should facilitate vectorial transport across these epithelia (23,
58, 59). In contrast, MRP2 and ABCG?2 are located at the apical membrane of these epithelia
opposing intestinal folate reabsorption and reabsorption of folate from the glomerular filtrate
(23, 85, 103). However, there is no information on changes in their expression with folate
deprivation in vivo.

The impact of expression and activity of the ABC exporters on vectorial transport in the
folate-sufficient state and in response to folate restriction, however, must be considered
within the context of the contributions of these exporters relative to the folate-specific
transporters. For instance, if transport of folates across the basolateral membrane of intestine
is very rapid in comparison with influx across the apical membrane, i.e., transport across the
apical membrane is rate-limiting, then a further increase, or a modest decrease, in transport
activity at the basolateral membrane would have little effect on net transport across this
epithelium.

The overexpression of ABC exporters in vitro suppresses cellular folate levels and increases
folate growth requirements. This has been observed in cell lines that were selected for
resistance to drugs that are substrates for these exporters or after transduction of transporters
into cell lines (48). For instance, whereas transfection of MRP1, MRP2, or MRP3 decreased
cellular folate content, the folate growth requirement was increased only under conditions in
which exposure to folates was brief (43). There are only a few examples in which there were
changes in exporter expression in response to folate deprivation in vitro. Folate depletion
resulted in a decrease in expression of ABCG2 and redistribution of the protein from the cell
membrane to the cytoplasm; MRP1 expression was also decreased (49, 50). In a CEM cell
line selected for growth in low levels of 5-formylTHF, RFC expression was markedly
increased (52) and, as predicted (160), an exporter (MRP1) expression was markedly
decreased (4). The mechanism of adaptation to folate restriction was the subject of a recent
review (48).
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Folates refers to folate compounds in general
MTX methotrexate

PCFT proton-coupled folate transporter
HFM hereditary folate malabsorption

FR folate receptor

SLC superfamily of solute carriers

TMDs transmembrane domains

5-methyl THF 5-methyltetrahydrofolate
5-formylTHF 5-formyltetrahydrofolate

CSF cerebrospinal fluid
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SUMMARY POINTS

The proton-coupled folate transporter (PCFT) mediates transport of folate
monoglutamates across the apical brush-border membrane of the proximal small
intestine.

Loss-of-function PCFT mutations are the molecular basis for the autosomal
recessive disorder hereditary folate malabsorption (HFM) resulting in impaired
intestinal folate absorption and impaired transport into the central nervous
system.

PCFT function is optimal at low pH but operates in the absence of a pH gradient
driven by both voltage and folate gradients across the cell membrane.

FRa is required for mouse embryonic development, but with folate
supplementation, embryonic and fetal development can be normal. After birth,
FRa-null mice do not require folate supplementation, and they are fertile,
although their blood folate levels are decreased.

In humans, both FRa and PCFT are required for transport of folates across
choroid plexus ependymal cells from blood to the cerebrospinal fluid.

FRa-null humans have no phenotype until several years after birth, when they
present with very low levels of cerebrospinal fluid folate, seizures, and other
neurological defects—a cerebral folate-deficiency syndrome.
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FUTURE ISSUES

To what extent does PCFT play a role in iron homeostasis; i.e., does this
transporter contribute significantly to intestinal hemin absorption?

Does PCFT contribute to the delivery of folates to tissues from the systemic
circulation? Are there systemic microenvironments at low pH that favor the
activity of this transporter?

What is the basis for the differences in phenotype between FRa-null humans
and FRa-null mice? What are the roles of PCFT, FRa, and possibly FRp in the
transport of folates across the choroid plexus of humans?

What are the roles that PCFT and FRa play in the reabsorption of folates in the
proximal tubule of the kidney, and are they related? How does the loss of PCFT
affect renal conservation of folates?

What is the mechanism of intestinal absorption of pharmacological doses of
folates in PCFT-null subjects with HFM?

What is the mechanism(s) by which folates are exported from endosomes and
the role of PCFT in those process(es)?

How is PCFT expression regulated during folate deprivation and in other
conditions, and is this related to the state of methylation of the PCFT promoter?
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Figure 1.

The pH profile of reduced folate carrier (RFC)- and proton-coupled folate transporter
(PCFT)-mediated methotrexate (MTX) influx. These data were obtained from wild-type
Hela cells and Hela cells in which RFC was deleted from the genome. From Reference 151.
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Figure 2.
How changes in pH affect folate influx kinetics parameters mediated by the proton-coupled

folate transporter (PCFT). (Top panel) The pattern of changes in influx K, is compared
among folic acid, methotrexate (MTX), and pemetrexed. (Bottom panel) The pattern of
changes in influx Vs for folic acid and pemetrexed. From References 97 and 158.
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Figure 3.

The genomic location, organization, and topology of the proton-coupled folate transporter
(PCFT) and residues that play an important role in function. The top panel is the location of
PCFT on chromosome 17, the middle panel is the organization of the PCFT gene, and the
lower panel is the confirmed PCFT topology. The colored components illustrate how the
five exons code for different regions of the protein. Residues highlighted include Glu185
that is required for proton coupling; His281 that plays a role in proton binding and,
allosterically, folate binding; His247 and Ser172 (connected by the interrupted line) that
appear to be in proximity in the tertiary structure and play a role controlling substrate access
to the folate binding pocket through the aqueous translocation pathway; Asp109 and Arg113
in the first intracellular loop that may be required for carrier oscillation between its inward-
and outward-facing conformations; Arg376 that plays a role in folate substrate binding; and
Aspl56 that is important for protein stability. The topological basis for this structure was
reported in References 98, 130, and 161.
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Figure 4A. Folate transport across the enterocyte of the proximal small intestine. The pH at
the microenvironment of the apical brush-border is 5.8-6.0. The reduced folate carrier
(RFC) is expressed at the apical membrane; however, its pH optimum is 7.4. RFC does not
contribute significantly to folate transport across this membrane since it cannot compensate
for loss of the proton-coupled folate transporter (PCFT) function in subjects with hereditary
folate malabsorption (HFM) on a normal diet. The multidrug resistance-associated protein
(MRP)3 plays a role in mediating transport of folates across the basolateral membrane of the
proximal small intestine. MRP1 and MRP5 are also expressed at this membrane, but their
role in transport of folates has not been demonstrated. Not shown is MRP2/ATP-binding
cassette (ABC)G2 along with OATPB (SLC21A9) expressed at the apical membrane. Their
impact on folate transport at this site is not clear.

Figure 4B. Folate transport across the choroid plexus. Both the proton-coupled folate
transporter (PCFT) and folate receptor a(FRa) are required for transport of folates from
blood to cerebrospinal fluid across choroid plexus ependymal cells, based upon studies in
human subjects in whom there are loss-of-function mutations in these transporters.
However, the bulk of FRa expression, and all reduced folate carrier (RFC) expression, is at
the apical brush-border membrane. The pH at the basolateral membrane, where PCFT is
expressed, is not known. Not shown are multidrug resistance-associated protein (MRP)1 and
MRP4 that are expressed at the basolateral membrane. Their impact on the transport of
folates is not clear.

Figure 4C. Folate transport across the proximal renal tubule. Folate receptor a(FRa) is
highly expressed at the apical membrane and plays an important role in the reabsorption of
filtered folates. The proton-coupled folate transporter (PCFT) is also highly expressed in the
kidney and appears to be expressed in the apical membrane based upon the dominant low-
pH transport activity in membrane vesicles from this segment of the kidney; however, its
role is not clear. Although the reduced folate carrier (RFC) is located at the basolateral
membrane, and could contribute to transport into the peritubular compartment, this
transporter favors transport into the cells. Not shown are multidrug resistance-associated
protein (MRP)2, MRP4, and ATP-binding cassette (ABC)G2 expressed at the apical
membrane, and Oat1-4 expressed at the basolateral membrane. Their contributions relative
to the folate-specific transporters is not clear, although one or more of the MRPs may
account for secretion of methotrexate.
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