
Introduction

The cellular synthesis of organic biomolecules involves
either the joining of two or more complex molecules or
simply the addition of atoms to existing precursor molecules.
In such anabolic pathways, the sequential addition of single
carbon atoms provides greater flexibility, and an almost
infinite series of organic compounds can be produced.

Carbon atoms can be presented as either carbon dioxide
(CO2), methyl (-CH3), methylene (-CH2), methenyl (-CH=),
formyl (-CH=O) or forminino (-CH=NH) groups. Folates
act as cofactor carriers and donors of such 1-carbon units,
and are especially important in the biosynthesis of adenine,
guanine, thymidine and methionine, and in the metabolism
of serine and histidine.

The importance of folate to humans is emphasised by
deficiency-associated diseases such as megaloblastic
anaemia, neural tube defects and cardiovascular disease.1,2

While prokaryotic cells can synthesise folates, humans and
other eukaryotes must obtain folates from the environment;
hence their classification as vitamins.

The major route for cellular uptake of folate is the reduced
folate carrier (RFC), which is therefore a pharmacological
target for inhibiting cell growth. Mutations in this and other
key proteins involved in folate metabolism may modify a
cell’s response to such drugs (e.g., methotrexate) and result
in resistance.

Folates and folate metabolism

Folates are a family of molecules based on folic acid
(pteroylglutamic acid, folacin). The name is derived from the
Latin folium meaning leaf, and indicates the main dietary
source as green-leafed vegetables.3 It is also found in fruits,
and is produced by the normal intestinal flora. The molecule
is composed of a pterin linked to para-aminobenzoic acid
(PABA), plus one or more glutamate residues (Figure 1).

A normal diet provides sufficient folates, in several

chemical forms, to maintain health, growth and replication.
Most dietary folates are polyglutamylated and must have
the glutamate residues removed before the core molecule
can be absorbed by the small intestine. Here, they are
transported by the intestinal folate carrier (IFC-1) across the
intestinal cells to the basolateral membrane, where they
diffuse along a concentration gradient into the submucosa.4
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Fig. 1. Structural components of a typical folate molecule 
(5-methyltetrahydrofolate) and the structural similarity 
of the cytotoxic antifolate methotrexate.



It has also been suggested that an export mechanism at the
basolateral membrane actively pumps folates from the cell
and thus pulls folates from the intestinal lumen to replace
those moving out of the cell.5 In either mechanism, the

folates delivered into the submucosa will diffuse into the
portal circulation. 

On first pass through the liver, hepatocytes remove and
store the majority of folates until required. Any folates that
reach the kidneys are filtered and then reabsorbed along the
nephron.4 The demands of the growing fetus for folates are
met by transfer from the maternal circulation via a placental
folate transporter (FOLT).

The natural circulating folates, N5-methyltetrahydrofolate
(5-methylTHF) and N5-formyl-tetrahydrofolate (5-
formylTHF) (Figure 2), are taken up by almost all cells in the
body. At high concentration, folates can simply diffuse into
the cell, but because folates are essentially hydrophilic
molecules this does not provide sufficient intracellular folate
for normal cell metabolism. To provide an adequate
intracellular folate concentration, active transport
mechanisms must be used that can work against a
concentration gradient.

Folate receptors
Folate receptors (also known as folate binding proteins
[FBP]) are glycosylphosphatidylinositol membrane-bound
proteins with a high affinity for folic acid (KM 1-10 nmol/L)6

and 5-methylTHF (KM 1-5 nmol/L).7 Three FBP isoforms have
been identified,8 and the genes coding for two (FRa and FRb)
have been cloned.9, 10 When folic acid or 5-methylTHF binds
to a receptor, the whole complex is internalised by
endocytosis against the concentration gradient.

Reduced folate carrier 
The folate receptors described above have a low affinity for
reduced folates (KM 10-300 nmol/L)8 and these must therefore
be brought into the cell using a different mechanism – RFC.
This bi-directional anionic exchanger is the most important
of the folate uptake mechanisms, with high affinity for
reduced folates.6

The two systems may be coordinated to provide sufficient
intracellular folates,11 although some researchers believe
they act independently.12,13 In addition, there appears to be a
third mechanism, able to recognise all folates with almost
equal affinity (KM 1-5 µmol/L), which operates at low pH.14

Although its role is poorly understood, Rajgopal et al.15

described the high efficiency of IFC-1 when operating at the
low pH achieved by the acidic microenvironment at the
luminal surface of the intestinal cells. The third mechanism
may have a similar role, or prove to be one and the same
thing. Mitochondria obtain folates from the cytoplasmic pool
using an independent RFC in the mitochondrial wall.16

Once inside the cell, folylpolyglutamate synthetase
(FPGS) adds glutamate residues to the C-terminal of the
existing single glutamyl residue. This increases its size and
prevents its loss from the cell via the folate export pumps.14

Folic acid must be reduced by the enzyme dihydrofolate
reductase (DHFR) to activate it in a two-step process to
produce the fully active tetrahydrofolate (Figure 3). The
same enzyme catalyses both steps but, because the preferred
substrate is dihydrofolate, the first step is slower than the
second.17 Thus, this enzyme plays a pivotal role in the
activation and regeneration of folates and makes it the target
for drugs such as methotrexate (MTX).

One of the THF intermediates, N5,N10-methyleneTHF,
catalysed by thymidylate synthase, donates its methylene
group to deoxyuridine monophosphate (dUMP) to generate
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Fig. 2. Conversion of the 1-carbon residue carried by tetrahydrofolate
through various oxidative states. For clarity, only the pterin residue is
shown in each intermediary, the remaining PABA-glutamate residues
are represented by R (modified from Voet et al.3).

Fig. 3. Activation of folate to tetrahydrofolate (THF).



the cell’s source of de novo deoxythymidylate
monophosphate (dTMP). The remaining 7,8-dihydrofolate is
recycled back to THF using DHFR (Figure 4).

The ability of living cells to synthesise de novo organic
molecules is possible by adding carbon centres to each other
or to existing biomolecules. It is in this role as carbon donor
that tetrahydrofolate is so important, and is the result of its
ability to hold the carbon in a variety of oxidative states,
ranging from methyl (-CH3) to methenyl (-CH=) groups.
The 1-carbon residue can be modified from one oxidative
state to another (Figure 2), which gives it great versatility in
anabolic pathways. 

Reduced folate carrier

The RFC is a 65 kDa transmembrane protein comprising 591
amino acid residues. In humans it exists in a highly
glycosylated form with a mass of approximately 92 kDa.18

While folate carriers are likely to be found in all higher
animals, much of the data on RFC has been obtained from
mouse and hamster models that show approximately 50%
homology in amino acid sequence with the human protein.19

A summary of characteristics between the three species is
shown in Table 1. 

Functionally, RFC is an anion exchanger that transfers
hydrophilic folates across the cell membrane using the
negatively charged glutamate residue of folate. Such a
system requires positively charged amino acids and the
arginine residues (at 133, 155 and 366 in murine cell lines) are
highly conserved and likely candidates.20 While the charge of
these amino acids is important, Zhao et al.20 showed that it is
not the only factor when they substituted Arg-131 with
histidine. Despite replacing one positively charged amino

acid with another, activity was still lost.
While the protein structure of RFC in all three species has

a conserved potential phosphorylation site for protein
kinase-C at residue 23,21 its use has yet to be uncovered. RFC
lacks the structure typical of other transmembrane transport
proteins that utilise ATP, which leaves the theory that
intracellular phosphate is the driving force for folate uptake.
High intracellular phosphate (PO4

2–) is the anion that leaves
the cell along a concentration gradient. To maintain
neutrality, phosphate could be carried back into the cell but
the protein has an affinity for reduced folates and
extracellular phosphate concentration is low.14 Once inside
the cell, folate concentration is relatively low compared to
phosphate, and very little leaves the cell via the RFC under
competitive conditions.

RFC structure shown in Figure 5 is based on the Kyte-
Doolitle hydropathy plot22 and the Hopp and Wood
hydrophilicity plot.16 The putative transmembrane
arrangement derived from this data is accepted by the major
RFC research groups;6, 14, 20, 23, 24 however, the complete three-
dimensional (3-D) structure is yet to be elucidated. Figure 5
clearly shows the arrangement of 12 α-helical
transmembrane domains made up of hydrophobic amino
acids. The transmembrane domains (TMD) range in size
from 17-25 residues and are highly conserved between the
three species studied,25 especially the nine tryptophan
residues and four of the six cysteine residues.25

Hydrophilic amino acids make up the four small
intracellular loops, six extracellular loops, C-terminal, N-
terminal regions and the large intracellular loop formed
halfway along the sequence. Both C- and N-terminals of
normal RFC are shown lying in the cytoplasm. This was
confirmed experimentally by the transfection of a known
epitope construct into the C-terminal of a K562 cell line and
subsequent localisation of the translated product by
immunofluorescence staining for the inserted epitope.26 The
fluorescent label was bound to the cell membrane, but only
after the cell was made permeable with Triton X-100.26

Similar studies have been performed to confirm the position
of other domains in relation to the cell membrane.27

Human RFC is larger than rodent RFC, due to a 73-79
amino acid C-terminal extension.25 The terminal regions are
not thought to play a role in the protein’s function but, like
many proteins, they contain motifs recognised for
membrane localisation and intracellular trafficking. The RXR
(Arg-X-Arg) motif at residue 460 causes temporary retention
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Fig. 4. Methylation of dUMP to dTMP and regeneration of
dihydrofolate (DHF) to tetrahydrofolate (THF) by dihydrofolate
reductase (DHFR). For clarity, only the pterin residue is shown in
each intermediary.

Table 1. Characteristics of RFC from the three 
species most frequently used in studies

Characteristic Human Hamster Mouse

Size (protein only) 65 kDa 58.6 kDa 58.2 kDa
(inc. glycosylated attachment) 85 kDa

pI 9.6 9.4 9.4

Number of amino acids 591 518 512
residues residues residues

Location of gene Chromosome Chromosome Chromosome
21 1 10

Number of alternative 18 2 3
spliced products isoforms isoforms isoforms



of RFC at the endoplasmic reticulum.27 This sequence lies in
the C-terminal and any mutations affecting or causing loss
of the C-terminus will influence the time it takes for the
protein to pass along the secretory pathway and embed
itself in the cell membrane. This not only hinders correct
positioning of the protein but also blocks any further protein
synthesis. The C-terminal contains a di-leucine motif at
residues 498 and 499 that is also likely to play a role in
protein processing and localisation.27

The role of chaperones during the synthesis and transport
of the protein has yet to be investigated but are likely to
prove important – as they are for other proteins – in forming
the appropriate tertiary structure. RFC maintains a stable

tertiary structure using, among other bonds, charged pair
attraction between negatively charged aspartate residues at
88 and 453 and positively charged arginine at 133 (TMD 4).23

Liu et al.23 noted a significant drop in activity (Vmax) when
Asp88 was replaced with a neutral valine. However, when
substituted with another negatively charged amino acid
(glutamic acid), activity only dropped slightly. Similar
replacement of the positive Arg133 by a neutral amino acid
(leucine) caused loss of activity. It is interesting to note that
when both residues 133 and 88 lose their charge the tertiary
structure can still be formed and activity is maintained. This
latter finding suggests that these residues are involved in
stabilisation of the protein structure and are not required for
direct recognition of folate or transport.

The size of the large intracellular loop also appears to be
crucial to development of the correct RFC conformation.27,28

This suggests that it could have a role in anchoring the
TMDs into the cylindrical conformation expected of a
transmembrane carrier (Figure 6). 

While the concept is worthy of further study, recent work
by Liu et al.28 indicates that it is unlikely. They deleted
sections of the loop and then replaced them with similar
sections from the loop of the thiamine transporter (ThTr1) to
form chimaeric constructs. With the exception of a short
sequence of 11 amino acids (K204RPKRSLFFNR214), the
majority of residues in the loop were not conserved.
However, deletion of the whole or substantial parts of the
loop significantly reduced RFC activity. Once passed the first
11 residues of the loop (the importance of which is
unknown), the actual sequence of amino acids had minimal
effect. These findings support the theory of Sadlish et al.27

that only six TDMs can be inserted into the cell membrane at
one time, as the loop keeps them far enough apart for two
insertions but maintains the proximity of each. 

Glycosylation on residue 58, asparagine, accounts for the
significant difference in molecular weight described by
Matherly and Angeles.29 In the presence of tunicamycin to
block glycosylation, or following elimination of the N-
glycosylation site by site-directed mutagenesis, RFC lost
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Fig. 5. Amino acid sequence and probable secondary structure producing 12 transmembrane domains of the RFC 
(modified from Drori et al.6 and Zhao et al.20).

Fig. 6. Schematic to show how the large intracellular loop could play
a role in anchoring the transmembrane domains into the expected
cylindrical conduit in the cell membrane.

C – terminal

Cytoplasmic loop



some of its activity.30 The most likely explanation is that, as it
migrates along the endoplasmic reticulum (ER), the usual
glycosylation of proteins increases the viscosity of the ER
lumen, causing longer retention and ultimately reduces the
amount arriving at the cell membrane.31 However, Wong et
al.30 concluded that glycosylation of RFC played no role in its
function or its ability to migrate to the cell membrane and
establish itself as a transmembrane structure.

RFC-1 gene

Once the protein structure was identified, it was relatively
easy to generate complementary DNA (cDNA) for the
protein and find a match in the human genome built from
contig alignment. A sequence on chromosome 21 at
SLC19A1 was identified and confirmed using fluorescence in
situ hybridisation (FISH). The gene coding for the human
RFC protein is located on the long arm of chromosome 21,
specifically the 21q22.2-q22.3 region.21, 32

The structure of the gene has been studied in mouse,
hamster and human cell lines and is referred to as RFC-1.
Tolner et al.33 studied cDNA from 16 genomic clones and
obtained two overlapping sequences covering the RFC-1
gene. The first strand, labelled λhRFC1-1, is a 19 kb segment
containing exons 1, 2, 3 and 4. The second strand, λh-RFC1-
2, is slightly shorter at 17 kb and contains exons 5 and 6. The
5′ end of λhRFC1-2 overlaps 1.5 kb of the 3′ end of λhRFC1-
1 and thus together they cover 34.5 kb. The full-length cDNA
was confirmed as the RFC-1 gene by transfection into a
methotrexate-resistant cell line. These cells have become
resistant to this folate analogue by producing a mutation in
the protein, and no longer take up MTX. When the proposed
gene is transfected into such cells and they start to transport
MTX across the cell membrane, this is strong evidence that
the genetic material introduced codes for RFC.

The exonic sequences have been submitted to both the
National Center for Biotechnology Information (NCBI) and
European Molecular Biology Laboratory (EMBL) databases,
using the accession numbers shown in Table 2. Following
rapid amplification of cDNA ends (RACE) and gene walking
studies, the intronic regions between the exons have been
defined and show several intron/exon/intron splice sites that
comform to the GT-AC rule. The boundaries and exonic
sequences are mainly conserved across the species, while the
introns can vary greatly in size and sequence. 

A shorter cDNA sequence was submitted to GenBank
(accession number U19870) by Matherly’s group,25 and
contained a 1776 bp open reading frame (ORF) flanked by a
98 bp 5′-UTR and 864 bp 3′-UTR. The cDNA ORF from either
source predicts a protein of 64,873 Da, which is in the range
for the deglycoslyated protein obtained experimentally and
demonstrated by Western blot.30

As can be seen from Table 2, Tolner et al.33 described three
alternative untranslated sequences in exon 1, labelled 1a, 1b
and 1c. Each ends with the AG sequence that provides the
opportunity for alternative splicing and produces three
RFC-1 variants: variant I contains exon 1a plus exons 2-6;
variant II contains exon 1b plus exons 2-6; and variant III
contains exon 1c plus exon 2 and part of 3.

Variants I and II are active proteins, but the truncated RFC
from variant III is inactive. A truncated variant was noted in
hamster cell lines in 199434 and the suggestion that it was the

result of alternative splicing first postulated. The 5′-end
untranslated sequence contains promoters that have been
studied using inserted downstream indicator genes (e.g.,
luciferase). Using this technique, it was shown that variant II
produces the most efficient transcription. 

Using different cell lines, Gong et al.35 showed that the
alternative splicing appeared to be tissue-specific and
introduced a fourth alternative of exon 1. This new exon, 1d,
was only found in fetal liver cells. Exons 1a and 1d are
separated from their neighbours by large intronic regions
and appear to have independent promoters. With only 21
bases between exons 1b and 1c, they are likely to share the
same promotor upstream of exon 1b. 

The tissue-specific differences recently highlighted by
Whetstine et al.36 also use the alternative splicing theory of 5′-
UTRs. The seven possible non-coding exons contain either
promoters or promotor enhancers that result in 18 unique
splice variants; however, the role of each is yet to be
completely understood. 

While Tolner et al.33 confirmed that variant III causes a
truncated protein, a paper by Zhang et al.18 in the same year
proposed more subtle alterations in post-transcriptional
processing without altering the coding sequence of the
protein. To confuse exon identification further, Zhang et al.18

used a different numbering system for the exons, whereby
exon 3 contained the Kozak start sequence (ATG) and
corresponds to exon 2 in Tolner’s model.33, 37

Although there is increased RFC-1 expression in response
to very low folate concentration,14 little is known about the
regulation of RFC-1 expression. When 5-formyl folate is
reintroduced to ’starved’ cells they revert to normal
transcription rates, suggesting that a feedback mechanism
between intracellular folate level and RFC transcription
must exist.38 Gong et al.35 measured messenger RNA (mRNA)
levels throughout the normal cell cycle and noted that
transcription is linked to cellular requirements for folate,
reaching a peak during the G1/S phase. In fact, they showed
that the variable transcripts show a chronological pattern
during the cell cycle, with exon 1c being expressed earlier
than 1b and 1d. The significance of this is unknown.

In a series of experiments to determine the promoters for
the RFC-1 gene, Zhang et al.18 studied a 342 bp intronic
region between exon 2 and 3 (1b and 2 in Tolner’s model),
which they labelled Pro32, and a 996 bp region upstream of
exon 1 (1a in Tolner’s model) was labelled Pro43. These
regions were later reclassified as hRFC-A and hRFC-B,
respectively.39 The presence of two promoter regions for the
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Table 2. Accession numbers for RFC-1 exons on the NCBI Entrez
(http://www.ncbi.nlm.nih.gov/Entrez/) and EMBL
(http://www.ebi.ac.uk/embl/index.html) databases 

Exon Accession No. Size (bp)

1a, 1b and 1c U92868 3772

2 U92869 250

3 U92870 772

4 U92871 214

5 U92872 151

6 U92873 1451



RFC-1 gene indicates the importance of the RFC protein and
provides a mechanism to enhance transcription to a higher
level when need for the protein is greatest. 

Using the luciferase gene as an indicator sequence, these
two promoter regions were studied to determine the exact
mode of control. Sequential loss of 5′ upstream regions
showed that promoters in Pro32 reside between -501 and -
455 (where +1 is the translational start site). This 47 bp
sequence is GC-rich and contains a CRE/AP-1 element at -485
to -471. The bZip DNA binding proteins (e.g., CREB-1, ATF-
1 and c-Jun) bind to CRE/AP-1 elements and cause
transcription as part of the cAMP secondary messenger
system. An additional AP binding site is present in a recently
identified variable nucleotide tandem repeat (VNTR), which
increases promoter activity of the 5′-UTR by 63%.40

The more efficient Pro43 region that lies between -1088
and -1043 (46 bp) is even more GC-rich and, while there is no
TATA box, the high GC content does provide a GC box
(CCCGCCC) between -1081 to -1078. Whetstine et al.39 also
suggest that there is a second GC box between -1077 and -
1071. GC boxes are known to bind Sp1-activating factors and
Sp3-antagonistic factors. With opposing actions, Sp1 and Sp3
may be involved in fine control of gene expression and splice
variant transcription.

The intronic sequence of the 5′-untranslated region (UTR)
may also contain an inhibitory site between -2338 and -1935.
This was indicated during the progressive deletion of
regions to find the promoters, when increased expression
was noted on removal of this particular section.39

It is interesting to note that the p53 gene may have a role
in controlling RFC-1 expression. p53 protein is expressed
when a defect in DNA (usually occuring during replication)
is detected and inhibits cell replication until either the error
is repaired or apoptosis is induced.41 In this situation, it
makes sense to decrease folate uptake and starve the cell of
components necessary for replication. This is achieved, to
some degree, by p53 suppression of RFC-1 expression.42 p53
acts on the hRFC-B promoter rather than hRFC-A.24

While much effort has been devoted to the 5′-UTR, it
appears that exon 6 at the other end may be just as variable.
This would explain some of the differences seen between
species for the cytoplasmic C-terminal.43 Brigle et al.44

reported similar C-terminal variation in murine RFC-1 that
may play a role in controlling folate uptake. Restriction
enzyme analysis of the murine gene indicates that the alleles
are heterozygous.44 The conclusion, therefore, is that if the
wild-type allele is present in the cell lines studied, there
must be some silencing of the normal allele. The proposed
mechanism for this effect is DNA methylation, known to
occur in suppression of other genes and also likely to occur
in humans.45

Acute lymphoblastic leukaemia

Leukaemias are a group of diseases resulting from the
uncontrolled proliferation of leucocytes. Broadly, they are
classified as either acute or chronic, and subgroups
including acute lymphoblastic leukaemia (ALL).46 ALL
originates in the bone marrow and by the time the clinical
symptoms are evident it has replaced most of the normal
marrow and metastasised. 

Presentation of ALL is essentially the same in adults and

children at relapse or original diagnosis. Pallor, malaise and
weakness due to anaemia are the principal symptoms, but
bruising, epistaxis and petechiea indicate associated
thrombocytopenia. Both are the result of the normal marrow
being replaced by malignant tissue, which also leads to
increased susceptibility to infection as normal leucocyte
production is disordered.

ALL is diagnosed twice as often in children than adults,
but the former show a better response to treatment, with an
80% cure rate possible.47 This success rate can be improved
by initiating a more rigorous treatment regimen from the
start,48 but this requires tighter classification of the malignant
cell line, particularly in relation to specific gene mutations. 

Although some of the gene mutations leading to ALL can
be identified by cytogenetics (e.g., translocations that lead 
to inactivation of suppressor genes – the Philadelphia
chromosome being the most common), there are few specific
morphological markers and classification is often based on
immunological identification using cluster of differentiation
(CD) markers.49 Reverse transcription polymerase chain
reaction (RT-PCR), FISH and other techniques available to
the molecular biologist are increasingly important in
identifying genes associated with poor prognosis (e.g.,
multiple drug resistance gene).50

There are three phases in the treatment of ALL: induction
of remission (returns blood profile to normal), consolidation
(keeps blood profile normal) and continuation. The final
phase is rarely required for more than three years, but
attempts to reduce this sadly correlate with a higher relapse
rate.50

Relapse is more common in adults and is likely to be due
to the higher frequency of genetic abnormalities in this
group. Relapse in both children and adults can result from
the lower drug concentrations in some body compartments
(e.g., cerebrospinal fluid, testes) that are sanctuaries for the
malignant cells.49 Exposure to drug levels below the
minimum effective dose gives the cells a chance to evolve
and develop drug resistance. Proliferation of these rogue
cells leads to relapse and a poor prognosis.

Methotrexate 

Methotrexate (4-NH2,N-10 methyl analogue of folic acid) is
an effective and widely used cytotoxic agent. Rots et al.47

describe how it has been used with success in the treatment
of ALL since the 1940s. Similarity in structure between MTX
and the folates (Figure 1) allows it to compete with and
inhibit the key enzymes DHFR and TS. This inhibits purine
and thymidine synthesis and regeneration of THF, thereby
reducing DNA replication and cell proliferation.51 The ratio
of dUMP to dTMP is increased, making misincorporation
during replication more likely, leading to fragmentation of
the DNA.47

T-lineage ALL usually requires higher doses of MTX than
do precursor B-ALL malignancies.47 In high-dose therapy,
used in some cases of MTX resistance, extracellular MTX
concentrations >20 µmol/L are achieved regularly, and are
high enough to facilitate simple diffusion across the cell
membrane.52 When lower routine doses of MTX are used,
effective intracellular concentrations can only be achieved
by using the RFC transport mechanism. 

The anion exchange mechanism recognises the negatively
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charged glutamate residue, which is also used to transport
true folates. Once inside the cell, it must be
polyglutamylated by folylpolyglutamate synthetase to
prevent diffusion back out of the cell or active excretion via
the multidrug resistance protein. Retention in the cell is
proportional to the number of glutamyl residues.53 MTX fits
into the cleft of DHFR, but because the pteridine ring is
inverted, it forms tighter bonds with the active site.54 This
means that the drug binds to the enzyme for longer, making
it more effective. Another advantage of MTX
polyglutamylation is that it directly inhibits TS.53

Mature cells have little demand for THF and are affected
only minimally by MTX, but cells undergoing rapid
replication (e.g., cells of the normal bone marrow and
gastrointestinal mucosa, as well as cancer cells) take up the
drug when their demand is highest, effectively poisoning
themselves.55 Cancer cells with hyperploidy for chromosome
21 express extra copies of the RFC-1 gene and have larger
amounts of RFC in the cell wall, which makes them more
sensitive to MTX.56

The most effective MTX regimen is high exposure over a
long period of time, but the side effects are too severe.
Slightly higher doses of MTX can be tolerated if leucovorin
(N5-formylTHF) is given to support the normal cells. This
works because normal cells contain the enzyme methionine
synthase, which converts N5-formylTHF to N5N10-
methyleneTHF, thus by-passing the need for DHFR to
generate THF (Figure 7).

MTX’s weak negative charge, which hinders its diffusion
across cell membranes, also reduces its distribution into the
CNS and other lipophilic tissues. Any cells in these
sanctuaries will not be exposed to high enough
concentrations of MTX to be effective, but they could be
sufficiently high for the cells to develop a resistance.53

Methotrexate resistance

Natural selection in living things is based on the fact that
mutations (which occur all the time) in a cell’s genome may

give it a survival advantage in a modified environment.
Thus, if cells are exposed to MTX levels insufficient to be
lethal, they will have a chance to mutate and replicate. If the
mutation somehow decreases the intracellular concentration
of active polyglutamylated MTX, then they will be able to
tolerate higher doses in the future and survive standard
treatment regimens (i.e., they will have developed a
resistance).

The four possible mechanisms for resistance8, 47, 53, 57- 59 are:

• decreased membrane transport into the cell by down-
regulation of the RFC-1 gene, gross modification of the
protein structure so that it is cleared from the membrane
faster, impaired transport function, and decreased
affinity of the RFC protein for MTX;

• altered DHFR response to MTX by decreased affinity for
MTX, increasing true folates to overcome competitive
inhibition by MTX,60 and increasing the amount of
DHFR;59

• MTX rendered less effective by reducing
folylpolyglutamate synthetase activity; and,

• increased efflux of MTX from the cell by increasing
folylpolyglutamate hydrolase activity,47 and increasing
activity of the multiple drug resistance protein.

While the final three mechanisms provide resistance once
the drug is inside the cell, the first option – down-regulation
of the RFC-1 gene – aims to prevent or reduce the amount of
drug to which the intracellular systems are exposed, and is
considered the first line of defence. 

Down-regulation of the RFC-1 gene
The simplest and most responsive way to reduce the amount
of RFC in the cell membrane is to suppress the gene coding
for the protein.61 MTXRZR-75-1 and K500E are MTX-resistant
cell lines that have mRNA levels lower than those found in
the corresponding wild-type cells.21,62 One way to achieve
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Fig. 7. Schematic of the reactions shown in Figure 4 to indicate where MTX and leucovorin are involved.



this is to simply down-regulate expression of the RFC-1
gene, possibly by a mutation in one of the upstream
promoter regions, or a chromosomal translocation that
produces transcriptional silencing.62

This suppression could be specific to particular spliced
mRNA arrangements; for example, exon 1c was found to be
the most frequently suppressed in studies by Gong et al.35

The work by Ding et al.41 into the control of RFC-1 expression
by the p53 gene opens up the possibility that MTX resistance
can be achieved indirectly by a mutation in the p53 gene.

Gorlick et al.63 report decreased expression in a series of
relapsed ALL cases, indicating that this mechanism is used in
vivo and not just in ‘forced’ resistant in vitro cell lines.
Measurement of RFC-1 mRNA is not just a research tool, it
could also be used to determine those patients who will not
respond to standard-dose MTX-based treatment. 

Gross modification of the RFC protein structure
In resistant cell lines where the mRNA is normal, or even
increased,38 the explanation must be a modified protein.
These modifications can be small (e.g., one amino acid) or
gross changes in the structure as a whole and have tended to
cluster into specific regions of the protein.64

A 7 bp deletion at the intron/exon 6 splice site (i.e.,
nucleotides 1152 to 1158) in the murine MtxRIIOuaR2-4 cell
line causes the loss of two residues and a frame shift.57 The
amino acid sequence resulting from the frame shift has no
homology with the original, and a premature stop codon is
introduced. The resulting truncated protein with a modified
C-terminal is less stable and, while normal RFC in the
membrane has a turnover of approximately 50% per day,65

the defective protein is cleared from the membrane faster
than normal RFC.57, 65

In humans, similar truncating mutations have been
demonstrated in MTX-resistant sublines of MOLT-358 and
CCRF-CEM.65 The MOLT-3/MTX10,000 cell line contains two
truncating mutations.58 One is the result of a G to A mutation
at position 74 that changes the TGG codon (tryptophan) at
position 25 to a stop codon, TAG. The second is a C to T
transition involving codon 40, CAG (glutamine) to TAG.
When both mutations occur together, one in each allele, the
resistance is high (i.e., 10,000-fold). The CEM/Mtx-1 cells,
studied by Wong et al,65 have a frameshift that also produces
an early stop codon. The four-base CATG segment inserted
at position 191 causes a heterologous amino acid sequence,
(similar to that described in the MtxRIIOuaR2-4 cells57) and an
early stop codon at position 1176. The hydropathy plot of
the translated mutant sequence no longer favours stable
localisation in the cell membrane, and is therefore not active.

Not all truncated RFCs produce MTX resistance. A 987
base deletion in the CEM-7A leukaemic cell line results in the
loss of 160 normally coded amino acids from the C-terminal
and the normal stop codon, (Figure 8). The deletion of bases
1389 to 2376 allows the 5′-end sequence from base 2377 to be
spliced to 1388, and produces an alternative ORF. This
alternative sequence now codes for 58 new C-terminal
residues before reaching a new stop codon in the previously
untranslated 3′-region. The proposed structure of the
resulting RFC is similar to that shown in Figure 5 but,
because it lacks the last transmembrane domain, the
truncated C-terminal end is left outside the cell membrane.6

The truncated protein alone is unable to transport MTX
and correctly considered as non-functional by Matherly.24

However, Drori et al.,6 in their discussion, suggest that over-
expression of this ‘alternatively spliced gene’ and
subsequent protein synthesis in heterozygotes may have
modified the influx/efflux rates that render the cell MTX-
sensitive. Brigle et al.44 describe a similar ‘alternatively
spliced’ variant in their studies of mouse cells, which lack
several C-terminal end transmembrane domains.

Antibodies against RFC will not detect the truncated
proteins described because the epitope sequence is missing
in most cases. If immunoassay does detect a full-length
translated protein then MTX resistance is likely to be the
result of a single but critical residue alteration. These single
amino acid alterations can affect the transport function of
the protein, or its recognition and affinity for MTX/folates. A
negative immunoassay does not exclusively indicate a
truncated protein, because it is possible that a single amino
acid substitution in the epitope will prevent antigen-
antibody recognition.

Proline residues in the α-helical TMD are important
features that the RFC should adopt in its tertiary structure.
Thus, it is not suprising that the introduction of more
proline, or substitution of existing proline, will produce
kinks and significantly alter the protein structure. When this
is done by site-directed mutagenesis, a loss of transport
activity is noted, but affinity is unaffected.65 This fits with the
theory that the transmembrane domains are not involved
directly in folate recognition. 

Impaired transport function
A predicted conformational change in the RFC to transport
folates and MTX requires several of the transmembrane
domains to interact with intracellular domains.66 Previously,
the connecting intracellular loop sequences between the
TMDs were thought to be just that, connectors, but when
the primary structure was modified by the insertion of an
immunogenic marker sequence, RFC activity was modified.26

For example, insertion of this sequence into the loop
between the 11th and 12th TMDs caused a total loss of activity.
While the result indicates that the insertion of additional
amino acids will push the TMDs sufficiently far apart to
disrupt RFC function, such large insertions are not likely to
occur in vivo.

When the charge on residue 45 is changed from negative
glutamate to positive lysine, a decrease in the fluidity of the
protein is thought to occur, rendering it non-functional.
Evidence for this lies in the fact that chloride ions appear to
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Fig. 8. Alternative splicing of cDNA from human leukaemic CEM-7A
cells, producing a truncated RFC.6



neutralise the lysine and return function.66 Larger anions,
(e.g., sulphate, ATP) are too large to reach the lysine and
have no neutralising capacity. The ability of RFC to function
when this amino acid is neutralised indicates that the
negatively charged glutamate at position 45 is not important
to the binding of folates or to transport activity.

Forced mutations of Arg133 and Asp8823 provide further
evidence that TMDs interact with each other to produce a

functional carrier. The two oppositely charged amino acids
form an ion-pair. When both are mutated to neutral amino
acids they can still form an association and have minimal
effect on activity, but if just one of the pair is changed then it
prevents the tertiary structure being formed and results in a
total loss of activity. 

The conclusion was complicated somewhat by the finding
that substitution of the negatively charged Asp88 with Glu,
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Table 3. Summary of mutations in the RFC-1 gene affecting the function of the RFC protein (i.e., change in Vmax but not KM)

Nucleotide Amino acid Species Domain affected and effect on RFC Ref
affected residue affected

G133A Glu45Lys m 1st TMD. Makes the protein rigid 66

G137A Ser46Asn m 1st TMD. Allosteric restriction of RFC mobility 68

G175A Arg27His H TMD1. Truncated at 225 64

C264G Asp88Glu H 2nd TMD. Slightly ↓Vmax →KM 23

G388C Ala130Pro m 4th TMD. Proline causes a kink in the protein structure 65

G398A Arg133His H 4th TMD. Total loss of activity 23

G398T Arg133Leu H 4th TMD. Loss of ion pair with Asp 88 causing total loss 23
of activity

CGC397-9GAG Arg133Glu H 4th TMD. Total loss of activity 23

C769A Ser225stop H Truncated protein 64

A1033G Gly345Arg h 9th TMD. The introduction of the +ve charge of the arginine 57
modifies the 2˚/3˚ structure.
Decreased half-life due to poor stability

G1118A Arg373His m 10th TMD. Loss of positively charged arginine reduces 67
transport as much as 50-fold

AAG1210 – 1212CTG Lys404Leu m 11th TMD. Loss of positive charged lysine removes 69
the inhibitory effect of Cl- on MTX uptake

Footnote
m = mouse, h = hamster, H = human 
Nucleotide numbering is taken from the start codon of the open reading frame

Table 4. Summary of mutations in the RFC-1 gene affecting the binding affinity (i.e., Vmax remains the same but KM changes)

Nucleotide Amino acid Species Domain affected and effect on RFC Ref
affected residue affected

G131A Gly44Glu m 1st TMD 20

G227A Glu45Lys H 1st TMD. Modifies sensitivity to Cl- 45

G133A Glu45Gln m 1st TMD. ↑KM for MTX, ↓KM for natural folates 70

GAA133 – 135CGT Glu45Arg m 1st TMD. →KM for MTX, ↓KM for natural folates, 70 
significantly for folic acid

GAA133 – 135GAC Glu45Asp m 1st TMD. ↑KM for all substrates, including MTX 70

GAA133 – 135CTC Glu45Leu m 1st TMD. ↑KM for all substrates, including MTX 70 

GAA133 – 135TGG Glu45Try m 1st TMD. ↑KM for reduced folates, but ↓KM for folic acid 70 

G137A Ser46Asn m 1st TMD. ↑KM for MTX, ↓KM for natural folates 68 

A142T Ile48Phe m 1st TMD. →KM for MTX, ↓KM for folic acid. ↑KM for 71
N5,10 dideazatetrahydafolate

T313G Trp105Gly m 3rd TMD. ↓KM for folic acid 71 

G890A Ser297Asn m External loop between TMD 7-8. ↑KM 72 

C926T Ser309Phe m 8th TMD 73 

Footnote
m = mouse, H = human 
Nucleotide numbering is taken from the start codon of the open reading frame



another negatively charged amino acid, produced a drop in
activity. This suggests that the additional methylene group
of glutamate is sufficiently large to cause a slight structural
change, and that the conformation of the protein at this
point is not dependent solely on charge interaction.23

Similar experiments by Sadlish et al.67 on Arg373 in murine
cells indicated the charge of this residue was just as
important. The accepted topology of RFC puts this polar
amino acid in TMD10, a non-polar region, and therefore
suggests that this residue could play a role in temporarily
holding the polar folates on their way through the RFC. A
summary of these mutations is shown in Table 3.

Modified binding
The most effective way for a cell to obtain sufficient reduced
folate to sustain a high replication rate, yet exclude MTX
from it, is to make the RFC selective. This can be achieved by
substituting amino acid residues responsible for binding
recognition or affinity, and is demonstrated experimentally
by changes in KM. A summary of mutations that modify KM

are shown in Table 4. 
Amino acids 45-48 appear to form an aqueous pocket in

the first TDM that would be important for the binding of
folates and MTX. It is not surprising, therefore, that
mutations in the first TMD have an effect on affinity, some
directly and others indirectly. 

Results of targeted mutation studies performed by Zhao 
et al.70 (Table 5) show that substitution of the negatively
charged glutamic acid at position 45 with the negatively
charged amino acid aspartic acid significantly decreases
affinity for all four compounds. This indicates that it is not
the negative charge at position 45 that is essential for RFC
function. If substituted by a hydrophobic amino acid (i.e.,
leucine or tryptophan) then affinity is also decreased, but
substitution with hydrophilic glutamine provides decreased
affinity for MTX while increasing affinity for folates. The
benefit of a hydrophilic amino acid gives support to the
aqueous pocket theory. 

The Glu45Arg substitution has little effect on the affinity
for MTX, and relies on the increased affinity for reduced
folates and folic acid to provide the resistance (i.e., by
selecting their uptake in preference to MTX). The sensitivity
of RFC to chloride ions in the Glu45Lys substitution is

thought to result from an allosteric effect caused by small
anions on a remote domain of the protein.66

Experiments by Sharina et al.,69 who studied the chloride
effect on other positively charged residues, showed that the
substitution of lysine at residue 404 of murine RFC resulted
in chloride losing the competitive inhibitory effect seen in
wild-type RFC. The conclusion was that this residue could
be a site for control of RFC activity by chloride ions.

Further evidence that the first TMD is involved in the
binding function of RFC is provided by Ser46Asp68 and
Ile48Phe71 mutations, which show similar transport
selectivity. Work by both Zhao et al.66 and Tse et al.71 suggests
that the third TMD may also play a part in forming this
hydrophilic pocket. The increased affinity for folic acid seen
in the Trp105Gly substitution provides resistance to another
antifolate, N5,10dideazatetrahydrofolate (DDATHF). This is
achieved by the selective uptake of folic acid to increase the
intracellular concentration, which saturates PFGS and
prevents DDATHF taking its active polyglutamylated form.71

Not all mutations identified so far affect RFC activity. Some
will be silent mutations (where the triplet code is changed,
but the same amino acid is coded for) or the substitution
affects a non-crucial amino acid. Table 6 provides a summary
of mutations with no known affect. While these may not be
useful to those studying MTX resistance, they may help to
elucidate the 3-D structure of RFC. 
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Table 5. Effect on binding affinity of MTX, N5– formylTHF, 
N5– methylTHF and folic acid when glutamate at residue 45 is
substituted (modified from Zhao et al.70)

KM (µmol/L)

Mutation MTX N5– N5– Folic acid 
formylTHF methylTHF

Wild-type 7.0 5.6 1.5 260

Glu45Gln 15.8 1.6 0.6 42.0

Glu45Arg 8.0 1.2 1.4 27.0

Glu45Asp 25.0 50.0 4.3 400.0

Glu45Leu 13.0 11.4 6.5 117.0

Glu45Try 163.0 15.0 130.0

Table 6. Summary of mutations in the RFC-1 gene with no significant effect on folate or MTX transport

Nucleotide Amino acid Species Domain affected and effect on RFC Ref
affected residue affected

G80A Arg27His H 1st TMD 1, 71

AAC171-4CAG Asn58Gln H Extracellular loop connecting TMD 1-2. 30
Removes the N-glycosylation site

A263T Asp88Val H 2nd TMD 23

CGC397-9AAG Arg133Lys H 4th TMD 23

C352T Leu86Leu H Intracellular loop connecting TMD 2-3. Silent mutation 45

C696T Pro232Pro H Silent mutation 74

C1242A Ile414Ile H Silent mutation 74

Footnote
H = human
Nucleotide numbering is taken from the start codon of the open reading frame
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Summary 

Understanding of the biochemistry and molecular biology of
cell metabolism means that new drugs can be designed to
overcome resistance. RFC is the principal route for the
uptake of reduced folates and cytotoxic antifolates into cells
and is therefore one site at which resistance can be achieved. 

Resistance to antifolate drugs, such as MTX, may be the
result of altered RFC affinity, synthesis of a functionally
inadequate carrier, or bypass of a transporter altogether by
down-regulating RFC-1 expression and translation.

Trimetrexate is one of the new generation of antifolates
produced using this information. It lacks the glutamate
residue, leaving it non-polar and able to diffuse directly
across the cell membrane (i.e., it bypasses any resistant
mutation of RFC). Another strategy of therapeutic potential
is the restoration of MTX sensitivity using transfection of
intact mRFC.76

The majority of studies considered here have been
performed on specific cell lines grown in the presence of
different folates and/or antifolates. While these are ‘forced’ 
in vitro mutations, they do provide invaluable information
on the structure and function of RFC. They are also believed
to mimic in vivo resistance, and hopefully further studies will
characterise clinically significant naturally occurring
mutations.

Although we are still a long way from confirming the 3-D
structure of the RFC, mutational studies indicate that the 12
TMDs form a cylindrical structure, which would form a
channel in the cell membrane through which folates can be
passed. The hydrophilic pocket formed by amino acids of
TMD 1 and 3 at the extracellular surface of this channel is
responsible for binding reduced folates by recognising and
binding the pteridine domain. Here it waits for exchange
with inorganic phosphate leaving the cell. To ensure it is
transferred successfully through the channel, a series of key
positively charged amino acids on the TMDs exposed to the
channel are probably used. 

Variety in the human genome is becoming apparent, with
new single nucleotide polymorphisms (SNPs) revealed
regularly. Important proteins, such as RFC, have highly
conserved genes, which may go some way to explain why so
few SNPs have yet to be assigned to this sequence. 

As the proteomics age gathers pace, elucidation of protein
structure and function will become commonplace. This will
prove necessary to provide biomedical scientists,
biotechnologists and clinicians with information to better
understand disease, develop new tests, design new drugs
and, ultimately, provide more effective treatment of disease.
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