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Characterization of a cysteine-less human reduced folate carrier:
localization of a substrate-binding domain by cysteine-scanning
mutagenesis and cysteine accessibility methods
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The human reduced folate carrier (hRFC) mediates the transport
of reduced folates and classical anti-folates into mammalian cells.
Whereas the functionally important domains in hRFC are poorly
characterized, previous studies with anti-folate-resistant cells
suggest critical roles for transmembrane domain (TMD) 1 and
residues (Gly*, Glu*, Ser* and Ile*) in or flanking this region.
An hRFC mutant devoid of cysteine residues was prepared by
deleting the C-terminal 56 amino acids, including four cysteine
residues, and mutagenizing the remaining cysteine residues to
serine residues. A fully functional cysteine-less hRFC protein
was expressed in transport-impaired MtxRIIOua®2-4 Chinese-
hamster ovary cells. To explore the role of residues in or flanking
TMDI in transport, all 24 amino acids from Trp? to Ile® of
hRFC were mutated individually to cysteine residues, and the
mutant hRFCs were transfected into MtxRIIOua®2-4 cells. All of
the 24 cysteine mutants were expressed and, with the exception
of R42C (Arg* — Cys), were capable of mediating methotrexate
uptake above the low level in MtxRIIOua®2-4 cells. We found
that by treating the transfected cells with the small, water-soluble,
thiol-reactive anionic reagent, sodium (2-sulphonatoethyl) meth-
anethiosulphonate, methotrexate transport by several of the

cysteine-substituted hRFC mutants was significantly inhibited,
including Q40C, G44C, E45C and 148C. Sodium (2-sulphonat-
oethyl) methanethiosulphonate transport inhibition of the Q40C,
G44C and 148C mutants was protected by leucovorin [(6R,S)-5-
formyltetrahydrofolate], indicating that these residues lie at or
near a substrate-binding site. Using surface-labelling reagents [N-
biotinylaminoethyl methanethiosulphonate and 3-(N-maleimidyl-
propionyl)biocytin, combined with 4-acetamido-4'-male-
imidylstilbene-2,2'-disulphonic acid] with cysteine mutants from
positions 3748, the extracellular TMD1 boundary was found
to lie between residues 39 and 40, and amino acids 44-46 and
48 were localized to the TMD1 exofacial loop. Collectively,
our results imply that amino acids 40, 44, 48 and, possibly, 42
serve important roles in hRFC transport, albeit not as structural
components of the putative transmembrane channel for folate
substrates.

Key words: folate, methanethiosulphonate, methotrexate, N-
biotinylaminoethyl methanethiosulphonate, 3-(N-maleimidyl-
propionyl)biocytin, transporter.

INTRODUCTION

Reduced folates are essential cofactors required for the de novo
biosynthesis of purine nucleotides, thymidylate and serine
and methionine residues in mammalian cells, for which they
function as donors of single-carbon units [1]. Folate deficiency
contributes to chromosomal instability, resulting in malignant
transformation [2]. Moreover, folate deficiency also plays an
important role in foetal abnormalities [3] and in the development
of cardiovascular disease [4]. As hydrophilic anionic molecules,
natural folates show only minimal capacities to cross biological
membranes by diffusion alone. Accordingly, sophisticated mem-
brane transport systems have evolved to facilitate membrane
translocation of these cofactors. The reduced folate carrier
(RFC) is expressed ubiquitously in tissues and tumours [5] and
has long been recognized as the major membrane transporter
for reduced folates in mammalian cells [6-10]. RFC levels
are also critical determinants of the anti-tumour activities of
anti-folate drugs such as methotrexate (Mtx) and Raltitrexed
(Tomudex), and impaired transport is a frequent mechanism of

anti-folate resistance [7—10]. Furthermore, alterations in the levels
and/or function of the human RFC (hRFC) have been described
previously in clinical specimens from patients treated with Mtx
[11-13].

hRFC cDNAs were cloned in 1995 [14-17] and, from the nu-
cleotide sequence, they encode a protein with 591 amino acids.
Hydropathy analysis predicts up to 12 TMDs, composed of stret-
ches of mostly hydrophobic, a-helix-promoting amino acids,
internally orientated N- and C-termini and a single outwardly
facing N-glycosylation consensus site at position 58 [6,7]. The
latter appears to be heavily glycosylated, so that hRFC protein
appears as a broadly migrating band of approx. 85-92 kDa on
Western blots [7,14].

Despite extensive studies to characterize the functional pro-
perties of the RFC protein, surprisingly little is known about
the amino acid residues or domains that are actually important
to binding and/or membrane translocation of anionic folate
and anti-folate substrates. However, insights into these features
can be gleaned by characterizing the molecular alterations in
RFC accompanying resistance to anti-folates after selection with

Abbreviations used: biotin maleimide, 3-(N-maleimidylpropionyl)biocytin; CHO, Chinese-hamster ovary; RFC, reduced folate carrier; hRFC, human
RFC; leucovorin, (6R,S)-5-formyltetrahydrofolate; MTS, methanethiosulphonate; MTSEA, 2-aminoethyl methanethiosulphonate hydrobromide; MTSEA-
biotin, N-biotinylaminoethyl methanethiosulphonate; MTSES, sodium (2-sulphonatoethyl) methanethiosulphonate; MTSET, 2-(trimethylammonium)ethyl
methanethiosulphonate bromide; Mtx, methotrexate; stilbenedisulphonate maleimide, 4-acetamido-4’-maleimidylstilbene-2,2’-disulphonic acid; TMD,
transmembrane domain; for brevity the one-letter system for amino acids has been used: R42C, for example, means Arg* — Cys.
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Figure 1

Membrane topology of hRFC and the location of cysteine residues

Plasma Membrane
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(A) Topology model for hRFC (TMPred [481), depicting 12 TMDs, internally orientated N- and C-termini and an externally orientated N-glycosylation site at Asn®®. Also shown are the positions of
the 11 endogenous cysteine residues in the hRFC primary sequence. All the mutant constructs used in the present study were truncated (position indicated by the black bar) without the C-terminal
56 amino acids, which include four cysteine residues. (B) An expanded schematic of TMD1 shows the predicted positions of the Trp2>—lle*® stretch of amino acids targeted for cysteine-scanning

mutagenesis.

anti-folate drugs or site-directed mutagenesis. Most notable are
residues in or flanking transmembrane domain 1 (TMD1), for
which mutations in highly conserved residues are accompanied by
profound effects on transport substrate binding (e.g. Gly* [18,19],
Glu® [20-22] and Ile*® [23]) or rates of carrier translocation (Ser*®
[24]).

The advent of thiol reagents with reactivities amenable to use
with intact cells, typified by the alkylthiosulphonates sodium (2-
sulphonatoethyl) methanethiosulphonate (MTSES), 2-(trimethyl-
ammonium)ethyl methanethiosulphonate bromide (MTSET) and
2-aminoethyl methanethiosulphonate hydrobromide (MTSEA)
[25,26], has revolutionized the structural analysis of membrane-
spanning ion channels and transporters. Thus, by reinserting
cysteine residues into functional ‘cysteine-less’ proteins and by
treating transfected cells with cysteine-reactive agents, it is poss-
ible to elucidate membrane topologies [27-32], identify amino
acids that are aqueous accessible [33—40], and also determine
spatial relationships between TMDs [41,42]. Of particular interest
is the use of cysteine-reactive agents with cysteine-substituted
accessibility methods in which patterns of cysteine reactivity
in singly substituted cysteine mutants can be used to map the
ligand-binding domains of membrane proteins [43,44]. Variations
of this approach have been elegantly applied to characterize
the structures of an assortment of membrane proteins such as
Escherichia coli lactose permease [45], prostaglandin transporter
[46], glucose transporter Glutl [29], human dopamine transporter
[47] and p-glycoprotein [35], as well as ion channels [43].

hRFC contains 11 cysteine residues (Figure 1). Although the
structural or functional importance of cysteine residues in RFC
transport has not been tested directly, the mouse RFC was reported
previously to be inhibited by the organomercurial, p-chloromer-
curibenzoate [49]. In the present study, we further examine the role
of cysteine residues in hRFC transport by expressing a functional
hRFC protein devoid of cysteine residues. We use cysteine-
scanning mutagenesis of the ‘cysteine-less’ hRFC in conjunction
with thiol-reactive N-biotinylaminoethyl methanethiosulphonate
(MTSEA-biotin), 3-(N-maleimidylpropionyl)biocytin (referred
to hereafter as biotin maleimide) and MTSES reagents to explore
the roles of residues in or flanking TMD1 in hRFC transport.
Our results imply that amino acids 40, 44, 48 and, possibly, 42
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serve important roles in hRFC transport, albeit not as structural
components of the putative transmembrane channel for folate
substrates.

MATERIALS AND METHODS
Reagents

[3,5,7-*H]Mtx (20 Ci/mmol) was purchased from Moravek
Biochemicals (Brea, CA, U.S.A.). Unlabelled Mtx and (6R,S)-
5-formyltetrahydrofolate (referred to hereafter as leucovorin)
were provided by the Drug Development Branch, National
Cancer Institute, National Institutes of Health (Bethesda, MD,
U.S.A.). Both labelled and unlabelled Mtx were purified
before use, as described previously [50]. MTSES, MTSEA and
MTSET were purchased from Anatrace (Maumee, OH, U.S.A.).
MTSEA-biotin was purchased from Toronto Research Chemicals
(Toronto, ON, Canada). Biotin maleimide and 4-acetamido-
4’-maleimidylstilbene-2,2’-disulphonic acid (referred to hereafter
as stilbenedisulphonate maleimide) were purchased from
Molecular Probes (Eugene, OR, U.S.A.). Protein G-plus agarose
beads were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, U.S.A.). Restriction enzymes and other molecular
biological products were from Promega (Madison, WI, U.S.A.)
or Invitrogen (Carlsbad, CA, U.S.A.) or Roche (Indianapolis, IN,
U.S.A.). Tissue culture reagents and supplies were purchased from
assorted vendors with the exception of iron-supplemented calf
serum and dialysed foetal bovine serum, which were purchased
from Hyclone Technologies (Logan, UT, U.S.A.) and Life
Technologies (Gaithersburg, MD, U.S.A.) respectively. Synthetic
oligonucleotides were purchased from Invitrogen.

Cell culture

Transport-defective Mtx-resistant Chinese-hamster ovary (CHO)
cells, MtxRIIOua®2-4 [51], were a gift from Dr Wayne Flintoff
(Department of Microbiology and Immunology, University of
Western Ontario, London, ON, Canada). MtxRIIOua®2-4 cells
were grown in «-minimal essential medium with 10% (v/v)
iron-supplemented bovine calf serum, penicillin (100 units/ml)
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Table 1

PCR primers for preparing hRFC"6 Cys-less and cysteine-substituted hRFC"s5 mutant constructs

Mutation Forward mutation primer Reverse mutation primer

(C33S CTCGTGTGCTACCTTAGCTTCTACGGCTTCATGG CATGAAGCCGTAGAAGCTAAGGTAGCACACGAG
C246S GCCCTGCGGGTGGCCTCTGGGGACTCAGTGCTG CAGCACTGAGTCCCCAGAGGCCACCCGCAGGGC
C396S CTGTCTAAAGAGCTCTCTGCCCTGGTCTTCGGG CCCGAAGACCAGGGCAGAGAGCTCTTTAGACAGA
(€30S/C33S CGCCTCGTGTCCTACCTTAGCTTCTACGGCTTC GAAGCCGTAGAAGCTAAGGTAGGACACGAGGCG
£220S GCGGTCAGAAACCTCGGCTTCGGAGCTG CAGCTCCGAAGCCGAGGTTTCTGACCGC
€365S CTGTCCTATGCGGCCTTCGTGCTGTTC GAACAGCACGAAGGCCGCATAGGACAGC
(4585 CTGGATGGCCTGCGGCACTCACAGCG CGCTGTGAGTGCCGCAGGCCATCCAG

W25C CTCCGGTCCTGCCGACGCCTCGTG CACGAGGCGTCGGCAGGACCGGAG

R26C CGGTCCTGGTGCCGCCTCGTGTCC GGACACGAGGCGGCACCAGGACCG

R27C CGGTCCTGGCGGTGCCTCGTGTCC GGACACGAGGCACCGCCAGGACCG

L28C TCCTGGCGACGCTGCGTGTCCTAC GTAGGACACGCAGCGTCGCCAGGA

V29C TCCTGGCGACGCCTCTGCTCCTACCTTAGC GCTAAGGTAGGAGCAGAGGCGTCGCCAGGAC
S30C CTCGTGTGCTACCTTAGCTTCTAC GTAGAAGCTAAGGTAGCACACGAG

Y31C CTCGTGTCCTGCCTTAGCTTCTAC GTAGAAGCTAAGGCAGGACACGAG

L32C GTGTCCTACTGTAGCTTCTACGGCTTCATG CATGAAGCCGTAGAAGCTACAGTAGGACAC
S33C CTACCTTTGCTTCTACGGCTTCATGG CCATGAAGCCGTAGAAGCAAAGGTAG

F34C TACCTTAGCTGCTACGGCTTCATGG CCATGAAGCCGTAGCAGCTAAGGT

Y35C CTTAGCTTCTGCGGCTTCATGGC GCCATGAAGCCGCAGAAGCTAAG

G36C CTTCTACTGCTTCATGGCACAGAT ATCTGTGCCATGAAGCAGTAGAAG

F37C CTTCTACGGCTGCATGGCACAGATAC GTATCTGTGCCATGCAGCCGTAGAAG

M38C CTACGGCTTCTGCGCTCAGATTCGGC GCCGAATCTGAGCGCAGAAGCCGTAG

A39C CTTCATGTGTCAGATACGTCCAGGGG CCCCTGGACGTATCTGACACATGAAG

Q40C CTTCATGGCGTGTATACGTCCAGGG CCCTGGACGTATACACGCCATGAAG

141C CATGGCTCAGTGTCGACCAGGGGAGAG CTCTCCCCTGGTCGACACTGAGCCATG

R42C GCAGATATGTCCAGGGGAGAGCTTC GAAGCTCTCCCCTGGACATATCTGC

P43C CAGATACGGTGTGGGGAGAGCTTCATC GATGAAGCTCTCCCCACACCGTATCTG

G44C CAGATACGGCCATGTGAGAGCTTCATCACC GGTGATGAAGCTCTCACATGGCCGTATCTG
E45C GATACGGCCAGGGTGTAGCTTCATCACC GGTGATGAAGCTACACCCTGGCCGTATC

S46C GAGTGCTTCATCACCCCCTACCTC GAGGTAGGGGGTGATGAAGCACTC

F47C GAGAGCTGCATCACCCCCTACCTC GAGGTAGGGGGTGATGCAGCTCTC

148C GAGAGCTTCTGCACCCCCTACCTC GAGGTAGGGGGTGCAGAAGCTCTC

and streptomycin (100 pg/ml). The pC43/10 CHO cell line
was derived from MitxRIIOua®2-4 cells by transfection with
the full-length wild-type hRFC c¢DNA (pC43), as described
previously [14], and maintained in complete medium in the pre-
sence of 1.5 mg/ml G418. CHO cells were grown as monolayers
for transfection and cytotoxicity assays; for transport experiments,
cells were grown in suspension in spinner flasks.

Site-directed mutagenesis

An hRFC"® construct containing a truncated hRFC with seven
of the 11 cysteine residues and including both c-myc and his6
epitopes on the hRFC C-terminus was prepared by subcloning
1607 bp of an hRFC coding sequence (prepared by EcoRI
digestion of the full-length hRFC in pBluescript SK [14]) into
pcDNA3.1(—) myc-his A expression vector (Invitrogen) at the
BamHI and Xhol restriction sites (designated hRFC"*wr). To
prepare the hRFC"*¢Cys-less, all seven of the remaining cysteine
residues (Cys™, Cys®, Cys™, Cys>*, Cys**, Cys®® and Cys*®)
in hRFC"*Swr were replaced individually with serine residues by
PCR mutagenesis using an overlap-extension protocol [52,53].
The hRFC construct containing three conserved cysteine muta-
tions, C33S, C246S and C396S, was first prepared. To generate
the hRFC fragments containing C33S or C246S, two PCR
steps were performed to amplify two separate products, using
forward mutation primers (see Table 1) and the rHA7 primer
(5-CTCGTTCCACAGGATGTGCAC-3'; positions 882-862,
relative to the ATG start codon, where A is number 1), or reverse
mutation primers (Table 1) and the p8 primer (5'-CAGTGTCA-
CCTTCGTCCCCTCCG-3'; positions —46 to —24). The full-
length pC43 construct was used as a template. PCR conditions

for the primary PCRs were 94 °C for 30s, 56 °C for 30s
and 72 °C for 45s. Secondary PCRs were performed with the
p8/tHA-7 primers and the mixed primary PCR products as
templates. The same strategy and PCR conditions were used
to prepare the C396S fragment. KS2 (5'-CGCAGCCTCTTCTT-
CAACCGC-3; positions 622-642) and RFCoutl2 (5'-GACA-
ACCCCTTCCCCCTGCACTCTGT-3'; positions 1647-1619)
primers were used with the corresponding reverse and forward
mutation primers respectively (Table 1), and pC43 hRFC template
for the primary PCR. Secondary PCR was performed using
KS2/RFCoutl2 and the mixed primary PCR products as template.
The C33S, C246S and C396S mutant amplicons were digested
with BbrPI-Apal, Apal-Notl and Notl-Sfil respectively, and
the digested products purified and ligated into the BbrPI- and Sfil-
digested hRFC"ws c¢cDNA in pcDNA3.1 to generate the
hRFC"*3C/S construct.

Using the hRFC"™*3C/S construct as template, the fragments
containing C30S, C220S or C365S were generated by an ana-
logous two-step PCR with complementary mutagenesis primers
(Table 1) and the respective upstream (P8) and downstream
(CW9, 5-GGGCCAGGTATGGGTCGCTCTGTCTCTG-3'; po-
sitions 1674—1647) primers. PCR conditions were identical with
those described above. The C30S, C220S and C365S mutant
amplicons were digested with BbrPI-Apal, Apal-Notl and Notl-
Sfil respectively, and the digested products purified and ligated
into the BbrPI- and Sfil-digested hRFC"*3C/S in pcDNA3.1 to
generate hRFC"*6C/S.

Finally, to construct the hRFC"*¢Cys-less product, the fragment
containing C458S was generated by the same strategy using
the complementary mutagenic primers (shown in Table 1)
and the KS2/CW9 primers, with hRFC"*6C/S as template. PCR
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conditions were identical with those described above. After
digestion with Notl and Sfil, the product was ligated into the
Notl- and Sfil-digested hRFC"*6C/S.

hRFC"*¢Cys-less in pcDNA3.1 was employed as template with
overlap-extension PCR to generate the single cysteine-replace-
ment mutant constructs in which each residue from Trp* to Ile*
was replaced individually by a cysteine residue. The complement-
ary mutagenesis primers (Table 1) were used with the upstream P8
and downstream rHA7 primers. The amplicons carrying the single
cysteine substitutions were digested with BbrPI and Notl, and
ligated into the BbrPI-Notl-digested hRFC"*6 Cys-less construct.

All mutations were confirmed by DNA sequencing.

Cell transfections and selection of stable transfectants

hRFC"®wt, hRFC"™°Cys-less and the 24 single cysteine-
substituted hRFC"* constructs were transfected into transport-
defective MtxRIIOua®2-4 CHO cells with polybrene [14],
reflecting their amenability to ‘high throughput’ expression and
screening. Clones were selected with 1.5 mg/ml G418, and G418-
resistant clones were isolated and expanded. Stable trans-
fectants were initially screened for Mtx sensitivities by plating
at low densities (10000 cells/ml) in complete medium with
dialysed foetal bovine serum and 0, 10, 50 or 200 nM Mtx.
Clones exhibiting restored Mtx sensitivities compared with
MtxRIIOua®2-4 cells were assayed for [PH]Mtx uptake (see
below) and hRFC expression on Western blots.

Western-blot analysis of hRFC transfectants

Plasma membranes were prepared by differential centrifugation, as
described previously [54]. Membrane proteins were electrophor-
esed in the presence of (7.5 % gel) as described by Laemmli [55]
and electroblotted on to PYDF membranes (Pierce, Rockland, IL,
U.S.A.) [56]. Protein loading was confirmed by staining the PVDF
membranes with 0.1 % Coomassie Blue. Immunoreactive hRFC
proteins were detected by enhanced chemiluminescence (Roche)
with Protein A-purified hRFC-specific antibody, generated in
rabbits with a glutathione S-transferase—-hRFC fusion protein [18],
and images were recorded on X-ray film. The relative amounts
of immunoreactive proteins were determined by scanning den-
sitometry, using a Kodak Digital Science 440CF Image Station.

Immunofluorescence microscopy

Approx. 5 x 10° cells were washed twice with PBS, fixed with
3.3% (w/v) paraformaldehyde/PBS for 30 min on ice and
permeabilized with 0.1 % Triton X-100 for 5 min at 4 °C. After
extensive washing with PBS, cells were blocked with 1%
BSA/PBS for 1h at 4 °C. The hRFC"® proteins were detected
using monoclonal anti-his antibody (Invitrogen), followed by
incubation with a secondary goat anti-mouse IgG conjugated
with Alexa Fluor 488 (Molecular Probes) at 4 °C in the dark.
After extensive washing with PBS, approx. 50000 cells were
cytocentrifuged on to microscope slides, mounted with a drop
of ‘SlowFade’ anti-fade reagent (Molecular Probes) and sealed
with coverslips. Detection was done with a Zeiss laser scanning
microscope 310 using a x63 water-immersion lens to image the
fluorescently labelled samples.

Transport assays

Uptakes of 1 uM [*H]Mtx were assayed as described previously
[14,53]. Levels of intracellular radioactivity were expressed as
pmol/mg of protein, calculated from direct measurements of the
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radioactivity and protein contents of cell homogenates. Protein
assays were performed by the method of Lowry et al. [S7]. Kinetic
analyses involved assays of the influx rates for 180s over the
range of 0.4-4 uM [PH]Mtx; Kinetic constants K, and V., were
calculated from Lineweaver—Burk plots.

MTSES modification and substrate protection experiments

Cells (approx. 2 x 107 cells) in suspension in 1 ml of PBS were
treated with MTSES (1 mM final; prepared as a 40 x concentrated
aqueous stock) at 37 °C for 15 min. Reactions were terminated by
dilution (10-fold) and washing four times with 10 ml of ice-cold
PBS. [*H]Mtx uptake was assayed for 10 min at 37 °C. To assess
the effects of an hRFC substrate on MTSES inhibition, leucovorin
(300 uM final concentration) was added 5 min before adding the
MTSES reagent.

Detection of the TMD1-loop boundary with MTSEA-biotin and biotin
maleimide/stilbenedisulphonate maleimide

Two approaches were used for mapping the TMD1-loop boundary
region. (i) CHO cells (1x107 cells) growing in 100 mm dishes
expressing hRFC" Cys-less and the F37C, M38C, A39C, Q40C,
I41C, R42C and P43C single cysteine-substituted hRFChs®
mutants were treated at 37 °C with 200 uM MTSEA-biotin
in PBS for 4h. (ii)) G44C-, E45C-, S46C- and I48C-hRFC
mutants growing in 100 mm dishes were treated with 200 uM
stilbenedisulphonate maleimide (in PBS) at room temperature
(23 °C) for 30 min, followed by treatment with 200 uM biotin
maleimide (in PBS) or biotin maleimide alone at room temp-
erature for 30 min. The cells were briefly treated with 14 mM 2-
mercaptoethanol to remove excess reagent and then washed twice
with PBS. Cells were harvested and crude plasma membranes
were prepared, as described above. For immunoprecipitation,
membrane proteins were solubilized in 1 ml of cell lysis buffer
[SO0mM Tris (pH 7.5)/150 mM NaCl/1 % Nonidet P40/0.5 %
sodium deoxycholate]. The insoluble material was pelleted
(12000 g, 10 min) and the supernatant was precleared overnight
with Protein G-plus agarose beads (Santa Cruz Biotechnology).
The beads were pelleted (12000g, 205s) and the supernatant
was incubated with anti-myc antibody (Invitrogen) and fresh
Protein G-plus agarose beads overnight at 4 °C. The beads
were washed three times with lysis buffer containing 0.1 %
Nonidet P40, and eluted with 60 ul of Laemmli sample buffer
containing 2% (w/v) SDS for Western blotting (see above).
Immunodetection of biotinylated hRFC was with peroxidase-
linked streptavidin and Lumi-Light™" substrate (Roche),
whereas total immunoprecipitated hRFC was detected using
an hRFC-specific antibody and standard Lumi-Light substrate
(Roche).

RESULTS

A cysteine-less hRFC exhibits normal membrane targeting,
expression and transport function

An early report by Goldman et al. [49] showed that treatment of
L1210 cells with the organomercurial, p-chloromercuribenzoate,
potently inhibited Mtx uptake, suggesting a role for cysteine
residues in transport by RFC. To explore directly the potential
structural or functional roles of cysteine residues in hRFC, a
cysteine-less hRFC was constructed by (i) deleting the C-terminal
56 amino acids (including Cys*®, Cys**, Cys** and Cys®*’) and
(i) mutagenizing the remaining cysteine residues (Cys*, Cys®,
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Figure 2 Expression and function of hRFC"¢ Cys-/ess protein

(A) A Western blot is shown of plasma membrane proteins from MtxRIlOua®2-4 CHO cells
(labelled R2) and CHO transfectants stably expressing hRFCMwt and hRFC"s6 Cys-less
proteins. Proteins (20 ng) were fractionated on a 7.5% gel in the presence of SDS and
electroblotted on to a PVDF membrane. Detection was done with an anti-hRFC antibody and
an enhanced chemiluminescence kit (Roche). Molecular-mass standards (in kDa) are shown
on the left. (B) [PHIMtx (1 M) uptake was measured for 20 min at 37 °C, as described in the
Materials and methods section.

Cys?, Cys*®, Cys*®, Cys*® and Cys*®) individually to serine
residues by overlap-extension PCR. (Figure 1A shows a schematic
of the hRFC membrane topology, including the positions of the
11 cysteine residues.) A Myc-his6 epitope was added to the hRFC
C-terminus to permit immunolocalization with anti-his6 antibody,
and immunoprecipitation with anti-myc antibody (see below).
Both hRFC"s®w¢ and hRFC"*¢ Cys-less constructs in pcDNA3. 1
were transfected into transport-defective MtxRIIOua®2-4 CHO
cells. After selection with 1.5 mg/ml G418, clones were screened
for carrier expression on Western blots, for membrane targeting

Table 2 Kinetic constants for Mtx influx

Cell line Ky (uM)* Vinax (Pmol - mg=" - min—")* Normalized Vgt
pC43/10 1.314+0.08 554+0.19 5.54
hRFChis yt 0.78+0.02 6.02+0.23 3.34
hRFCs Cys-lgss 1.64+0.26 417+ 0.57 1.60

* Kinetic constants for Mtx transport were calculated by Lineweaver—Burk analysis of initial
rates from three experiments as described under the Materials and methods section. K; and
Vimax Values are expressed as means + S.E.M.

+ Normalized Ve represents values normalized to the hRFC expression on Western blots
by densitometry analysis. The expression of the full-length hRFC in pC43/10 cells [14] was
given a value of 1.0 (Western blot not shown), and the normalized expressions for hRFC™s6 wt
and hRFC"s® Cys-less were given the values 1.8 and 2.6 respectively (Figure 2).

by confocal microscopy and for [PH]Mtx uptake. Both hRFC"*6yy¢
and hRFC"®Cys-less were expressed at similarly high levels and
migrated as approx. 65-80 kDa bands on Western blots probed
with hRFC antibody (Figure 2), resembling the patterns reported
previously for the full-length wild-type carrier in pC43/10 cells
[14]. By confocal microscopy with anti-his antibody and Alexa
488-conjugated secondary antibody, hRFC"**yyr and hRFC"° Cys-
less proteins showed predominant plasma membrane localization
(Figure 3). Finally, both hRFC"*¢yt and hRFC"*¢ Cys-less restored
Mtx uptake to MtxRIIOua®2-4 CHO cells during 20 min of
exposure to 1 uM [PH]Mtx (Figure 2).

The kinetic constants V., K, and V,,/K, for Mtx, based
on initial rates of uptake for 180s, slightly differed among
the MtxRIIOua®2-4 transfectants expressing full-length wild-
type hRFC (pC43/10) and the hRFC"*ws and hRFC"**Cys-less
proteins (Table 2). Both the K, and normalized V,, values
(normalized for hRFC expression on Western blots) for the
hRFC"®Cys-less and hRFC"*wt proteins varied within a 2-fold
range. Although direct comparisons of normalized transport can
be biased, because hRFC transport and function are not always
proportional [58], we find that comparisons can be made and
are reasonable for CHO transfectants with hRFC constructs, with
expression levels differing within a 2-3-fold range. These results
demonstrate that the characteristics of hRFC"™¢Cys-less differ
only slightly from those of hRFC"*wz and strongly suggest that
cysteine residues do not play major structural or functional roles in

MtxRI[Ouak2-4

hRFChisé Cys-less

hRFChisé vyt

Figure 3 Confocal microscopy of CHO cells stably expressing hRFC"s6wt and hRFC"* Cys-less

The hRFC expression for hRFCSSwt- and hRFCMs Cys-less-expressing cells was detected using a monoclonal anti-his6 antibody (Invitrogen), followed by incubation with a secondary goat
anti-mouse IgG conjugated with Alexa Fluor 488. MtxRIIQua®2-4 cells were used as negative control. Experimental details are provided in the Materials and methods section.
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Figure 4 Expression and transport function of single cysteine-substituted hRFC"'*® mutants

(A) Levels of hRFC expression on a Western blot of plasma membrane proteins from RFC-deficient CHO cells (MtxRIIOuaf2-4 cells; labelled ‘R2’) and R2 transfectants expressing full-length hRFC
(pC43), hRFC"s6 wt and hRFCMs® Cys-less, and single cysteine-substituted hRFC™s6 mutants. Detection was done with anti-hRFC antibody and an enhanced chemiluminescence kit. Amounts of
protein (mg) loaded in each lane are indicated. (B) Western-blot results for the low-expressing G44C-hRFC™s6 after an extended exposure to film. (C) Results are shown for rates of [*H]Mtx transport
in R2 cells and R2 transfectants expressing hRFC™s6 Cys-less and single cysteine-substituted hRFC™s6 mutants. [PHIMtx (1 «M) uptakes were measured for 10 min at 37 ©C. Transport results are
expressed relative to the level for hRFC"6 Cys-Jess and are means + S.E.M. for 2-3 separate experiments.

hRFC transport. The somewhat lower normalized V., values for
the hRFC"*® proteins compared with full-length wild-type hRFC
imply a modest effect on carrier function from the loss of the
C-terminal 56 amino acids.

Expression and function of single cysteine-substituted hRFC
mutants

The availability of a functional hRFC" Cys-Iess construct affords
a unique opportunity to probe hRFC for ligand-binding domains
by cysteine accessibility methods [43,44]. Of particular interest
are the residues in or flanking TMD1 (Figure 1B), for which
mutations in highly conserved residues (e.g. Gly*, Glu®, Ser*
and Ile*) have been reported to result in profound effects on
transport substrate binding and/or decreased rates of translocation
[18-24].

Twenty-four mutant constructs were prepared from hRFC"s
Cys-less in which single cysteine residues were introduced from
positions 25-48, including the entire predicted TMDI1 [48]
(Figure 1B). The single-mutant hRFC"* constructs were trans-
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fected into transport-impaired MtxRIIOua®2-4 CHO cells and
stable transfectants were isolated. A representative Western blot
of plasma membrane proteins from stable transfectants expressing
the single cysteine-substituted hRFC"™® proteins is shown in
Figure 4(A). All 24 single cysteine-substituted constructs were
expressed in CHO cells and could be detected on Western blots,
although the expression levels were variable. For G44C-hRFC",
a signal could only be detected after an extended exposure to film
(shown in Figure 4B).

To assess the effects of the cysteine substitutions on hRFC func-
tion, [*’H]Mtx uptake was measured for 10 min for each cysteine-
substituted hRFC"™® mutant. Results are shown in Figure 4(C)
as a percentage of the hRFC"®Cys-less value and compared
with the results from MtxRIIOua®2-4 cells. Most of the cysteine
substitutions were remarkably well tolerated, as reflected by
the increased uptake over the low level for the MtxRIIQua®2-4
subline. Indeed, of the 24 mutant constructs, only the R42C-
hRFC"s® was completely inactive (Figure 4C) in spite of high
levels of expression on Western blots. Identical results were
obtained for additional R42C-hRFC"*¢ clonal isolates (results not
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Figure 5 Effects of MTSES treatment on the Mtx uptake by single cysteine-
substituted hRFC"s® mutants

CHO cells expressing hRFCMs6 Cys-fess and single cysteine-substituted hRFC™s6 mutants were
preincubated with and without 1 mM MTSES for 15 minat 37 °C. Cells were washed and 1 cM
[®HIMtx uptake was assayed at 37 °C for 10 min. For each mutant, rates are presented as a
percentage of the rate measured in the absence of MTSES. All transport results are expressed
as means + S.E.M. for 2-3 separate experiments. Statistical significance was determined using

InStat v. 3 (GraphPad Software, San Diego, CA, U.S.A.). *P <0.05, **P <0.01. ND, not
detected.

shown), suggesting that Arg* may be structurally or functionally
important to hRFC transport.

Modification of transport activity of cysteine-substituted hRFC
mutants by MTSES

The effects of the small, thiol-reactive alkylthiosulphonate agents,
MTSES, MTSEA and MTSET, on Mtx transport by the hRFC"*¢
cysteine mutants should provide an excellent gauge of the aqueous
accessibilities of the cysteine substitutions in TMDI. Since
Glu* was implicated previously in RFC ligand binding [20-22],
the E45C-hRFC"* transfectant was initially used to screen
MTSEA, MTSET and MTSES for their capacities to inhibit
uptake. E45C-hRFC"*® and hRFC"*® Cys-less cells were treated for
15 min with the methanethiosulphonate (MTS) reagents (2.5 mM,
1 mM and 10 mM respectively) at 37 °C, washed with PBS and
assayed for 1 uM [PH]Mtx uptake for 10 min. In this experiment
(results not shown), only the negatively charged MTSES inhibited
uptake by E45C-hRFC"*® without loss of cell viability. MTSEA
treatment resulted in a significant loss of cell viability during
short exposures, whereas the cationic MTSET was completely
inert. In subsequent experiments with Q40C-, G44C- and 148C-
hRFC"¢ mutants, almost identical results were obtained (see
below). Neither MTSET nor MTSES inhibited Mtx uptake in the
hRFC"Cys-less transfectant. In further experiments, inhibition
of E45C-hRFC"*¢ by MTSES showed no effect on increasing
concentrations above 1 mM and to exposures longer than 15 min
(results not shown).

Figure 5 shows the effects of treating the 24 single cysteine-
substituted hRFC"* transfectants with MTSES under the opti-
mized conditions (37 °C, 15 min, 1 mM MTSES) on [PH]Mtx
uptake. Since there was no effect on the transport activity of
hRFC"*Cys-less by MTSES in our preliminary experiments,
this was included as a negative control. Of 24 single cysteine
mutants analysed, four (Q40C, G44C, E45C and 148C) showed
appreciable (>30 %) and statistically significant (P < 0.05) losses
of activity resulting from MTSES treatment. A small effect (ap-
prox. 16 %) was also observed for the S46C-hRFC"*® construct.
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Figure 6  Protection by leucovorin of 040C-, G44C-, E45C-, S46C- and 148C-
hRFC"® mutants from MTSES inhibition

CHO cells expressing hRFC® Cys-less and MTSES-sensitive cysteine substitution mutants
were treated with 1 mM MTSES in the presence or absence of 300 .M leucovorin (Leu) before
the transport assay. [PHIMtx (1 M) uptake was assayed at 37 °C for 10 min. For each mutant,
rates are presented as percentages of the rates measured in the absence of MTSES. Results are
expressed as means + S.E.M. for three separate experiments.

Notably, 300 uM leucovorin significantly protected Q40C-,
G44C- and T48C-hRFC"*‘-expressing cells from the inhibitory
effects of MTSES (Figure 6). These results strongly suggest
that amino acids 40, 44 and 48 in hRFC contribute to transport
substrate binding.

Mapping the TMD1 extracellular boundary with MTSEA-hiotin and
biotin maleimide

CHO cells expressing hRFC"¢Cys-less and cysteine-substituted
hRFC"* proteins spanning the predicted TMD1 exofacial bound-
ary (i.e. F37C, M38C, A39C, Q40C, I41C, R42C and P43C;
Figure 1B) were treated with membrane-impermeable, thiol-
reactive MTSEA-biotin [59] to map the extracellular boundary
for TMD. No toxicity was detected. After the treatments, hRFC"*¢
proteins were immunoprecipated with anti-myc antibody and
resolved by SDS gels, with detection of surface biotinylated
thiols with peroxidase-linked streptavidin. Although all hRFC"*¢
proteins, including both the cysteine-less and cysteine insertion
mutants, were effectively immunoprecipitated (Figure 7A), only
the P43C, R42C, 141C and Q40C proteins were labelled with
MTSEA-biotin (Figure 7B). This establishes their aqueous
exposure and accessibility to MTSEA-biotin, reflecting their
probable extracellular localization. Conversely, A39C-, M38C-
and F37C-hRFC"* proteins were not labelled by MTSEA-biotin,
suggesting the inaccessibility of these cysteine residues to thiol
modification and probable membrane localization.

To assess the localization of the Gly*, Glu®, Ser* and Ile*
residues, found to be functionally important in the present
and previous studies [20-24], we treated CHO transfectants
expressing the G44C-, E45C-, S46C- and 148C-hRFCs with the
surface-labelling reagent biotin maleimide, with and without
the membrane-impermeable blocking agent stilbenedisulphonate
maleimide [27]. All these positions were effectively labelled with
biotin maleimide, and biotinylation was significantly blocked
by stilbenedisulphonate maleimide (Figure 8), establishing their
extracellular localizations. Conversely, no labelling was detected
with biotin maleimide for hRFC"®Cys-less (Figure 7B) or for
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Figure 7 Mapping the TMD1 junction with MTSEA-biotin

CHO cells expressing single cysteine-substituted hRFC™6 (positions 37—43) and hRFC6 Cys-
less were treated with 200 ..M MTSEA-biotin, as described in the Materials and methods section.
Membrane proteins were immunoprecipitated by anti-myc antibody and Protein G-plus agarose
beads, followed by Western blotting. (A) Results for total immunoprecipitated hRFC"® protein
detected using an hRFC-specific antibody. (B) Results for the hRFCME cysteine mutants labelled
with membrane-impermeable MTSEA-biotin and detected using peroxidase-linked streptavidin.
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Figure 8 Biotinylation of Cys-less and G44C-, E45C-, S46C- and 148C-
hRFC"s® with biotin maleimide
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CHO cells expressing single cysteine-substituted hRFC™S and hRFC"Cys-less proteins
were treated with 200 .M biotin maleimide (BM) with or without pretreatment with 200 M
stilbenedisulphonate maleimide (SM). Membrane proteins were immunoprecipitated by anti-
myc antibody and Protein G-plus agarose beads, followed by Western blotting. Detection of
immunoprecipitated proteins was done with streptavidin peroxidase conjugate (A) and hRFC-
specific antibody (B), after stripping the PVDF membrane with 0.2 M NaOH.

A332C-hRFC"s¢ (located on the cytosolic loop domain connecting
TMDs 7 and 8; results not shown).

Collectively, these experiments demonstrate (i) that positions
37-39 are completely inaccessible to membrane-impermeable
MTSEA-biotin and the membrane junction lies between positions
39 and 40, and (ii) based on the patterns of biotin maleimide
reactivity and protection by stilbenedisulphonate maleimide,
amino acids 44-46 and 48 must lie in the exofacial loop
connecting TMD1 and TMD2 rather than within TMDI.

DISCUSSION

In the present report, we examined the roles of cysteine resi-
dues in the structure and function of hRFC by deleting the C-
terminal 56 amino acids, including four cysteine residues, and
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mutagenizing the remaining seven cysteine residues to serine
residues. The initial goals were to assess the importance of
cysteine residues to hRFC transport function and, if possible
to generate a cysteine-less hRFC construct, to apply cysteine-
scanning mutagenesis with thiol-reactive reagents to probe
structural/functional features of the native carrier. Our results
indicate that substitutions of Cys*, Cys*, Cys*®, Cys*¢, Cys*®,
Cys*® and Cys*® with serine residues are well tolerated, as
evidenced by the high level of expression and normal plasma
membrane targeting of the hRFC"*Cys-less protein and by a
restoration of the Mtx transport phenotype to transport defective
MitxRIIOua®2-4 CHO cells. Essentially identical results were
obtained for hRFC"Cys-less expressed in transport-deficient
K562 human erythroleukaemia cells (results not shown).

A number of previous reports have identified a number of
functionally important residues in the RFC protein from Mtx-
resistant mouse or human cell lines [18-24,60]. Of particular
interest are highly conserved residues located in or flanking
TMD1, for which a disproportionate number of mutations have
been localized. For instance, the G44R mutation in hRFC results
in a significant increase in the K, value for Mtx and was first
identified in this laboratory in transport-defective CCRF-CEM-
Mtx1 cells [18]; G44R was reported most recently in a separate
CCRF-CEM subline selected for resistance to PT523 [19]. The
E45R mutation was associated with anti-folate resistance and
loss of transport in L1210 and CCRF-CEM cells [20-22] and is
interesting in that it results in strikingly different effects on the
binding of Mtx when compared with either folic acid or leuco-
vorin. Ser*® has also been suggested to be important for RFC
function, since the S46N mouse RFC mutant results in a decreased
rate of carrier mobility, which is greater for Mtx when compared
with reduced folates [24]. An S461 mutation in hRFC was
also detected in CCRF-CEM cells selected for resistance to the
benzoquinazoline anti-folate GW1843U89 [60], and an S46N
mutation was detected in a primary osteosarcoma specimen from
a patient [61]. Finally, the I48F mutant in mouse RFC results
in a selective decrease in the K, value for folic acid compared
with anti-folate substrates (Mtx and Lometrexol) [23].

To further explore the roles of residues in or flanking TMD1 in
transport, we inserted single cysteine residues from positions 25—
48 in hRFC. All of the single cysteine-substituted hRFC constructs
were expressed and, except R42C, were capable of mediating
Mtx uptake well above the low level in MtxRIIOua®2—4 cells.
Arg* is highly conserved in RFCs from different species and,
along with other conserved basic residues (e.g. Arg'*, Arg*” and
Lys*'" in hRFC), may contribute to the binding of anionic (anti-)
folate substrates to the carrier [53,62-64]. In addition, potential
interactions with other charged residues similar to that described
for Asp*® and Arg'* in hRFC [53], could contribute to confor-
mational stability required for optimal transport activity.

The 23 functional hRFC™ cysteine mutants were probed with
small thiol-reactive M TS reagents and effects on transport activity
measured with PH]Mtx, based on the assumption that the hydro-
philic MTS reagents will only react with exposed cysteine residues
at water-accessible surfaces (including the putative TMD-
spanning ‘channel’ for translocating folate substrates) and that
membrane-buried cysteine residues will be unaffected [43]. Inter-
estingly, in our study, only MTSES was significantly inhibitory
without loss of cell viability, whereas MTSEA was cytotoxic
and MTSET was completely inactive. This difference between
MTSES and MTSET may reflect the binding specificity of hRFC
for anionic compounds such as MTSES, whereas the cationic
MTSET would probably be excluded from binding. Analogous
results were reported by Chan et al. [46] for the effects of MTS
reagents on the prostaglandin transporter.
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Our results demonstrate that positions 25-39 in hRFC"*® were
unaffected by MTSES treatments, implying that either these
positions were completely inaccessible to the thiol reagent or
that their modification by MTSES had no effect on hRFC
function. However, other residues were profoundly affected
by MTSES treatments, as reflected in statistically significant
losses of [PH]Mtx uptake capacity for Q40C-, G44C-, E45C-
and I48C-hRFCs and the protection of Q40C-, G44C- and
[48C-hRFCs from the effects of MTSES by leucovorin, an
established RFC substrate. Although protection by leucovorin
from MTSES inhibition could possibly be an indirect consequence
of substrate binding distal from this region, based on the mutation
data [18-24], we favour a model in which these protected residues
participate directly in the transport process.

The lack of protection by leucovorin of E45C-hRFC was sur-
prising in the light of significant effects of amino acid replace-
ments at position 45 on substrate binding [20-22,65], as noted
above. However, other amino acid substitutions at position 45,
including changes involving charge, size and/or hydrophobicity,
preserved at least some level of transport, although this varied
with different transport substrates [65]. Collectively, these results
imply that the role of Glu* in RFC transport might involve its
indirect effect on substrate binding through changes in carrier
conformation and/or maintenance of the charge states of residues
directly involved in the transport process. Alternatively, the lack
of protection from MTSES inhibition by leucovorin could partly
reflect a loss of binding of this reduced folate to the E45C mutant
carrier.

Although the generalized membrane topology for TMDs 1-
7 and the C-terminus of hRFC is now established [66,67] and
conforms to that predicted by computer hydropathy analysis
[48], the TMD loop boundaries are still uncertain and membrane
disposition of GIn*-Ile® peptide has not been confirmed
previously. Interestingly, models for RFC secondary structure
[68] and membrane topology [48] predict that amino acids 40—48
conform to a random coil rather than an «-helix, and localize
to the extracellular face-flanking TMD1 rather than within the
membrane-spanning domain (Figure 1B). Consistent with this,
our results with membrane-impermeable MTSEA-biotin reagent
indicate that the TMDI exofacial loop boundary lies between
Ala* and GIn* and suggest that selective MTSES reactivity
towards the Q40C, G44C and I48C mutants is probably due,
at least partially, to their surface accessibilities to the MTSES
reagent. Importantly, our results indicate that key amino acids
(Gly*, Glu®, Ser* and Tle**) suggested previously to be involved
in RFC function [18-24] do not contribute to the TMDI1 helix.
Direct evidence for an exofacial orientation for these residues was
provided by biotin maleimide reactivity and stilbenedisulphonate
maleimide protection at cysteine residues inserted at these
positions. Thus, even though the GIn*-Tle* peptide domain seems
to contribute to hRFC transport, this can be envisaged to involve its
‘scaffolding’ role in binding transport substrates at the exofacial
hRFC surface rather than as a structural component of the putative
transmembrane channel for folate substrates. Indeed, from the
lack of effect of MTSES at cysteine substitutions from positions
25-39 in TMDI, it seems probable that the transmembrane
channel comprises TMDs other than TMD1.

Future studies will continue to focus on the identification of
key amino acids or domains involved in substrate recognition
and membrane translocation, a prerequisite to understanding
the molecular mechanism of folate and anti-folate membrane
transport by hRFC. This should be greatly facilitated by the avail-
ability of an active cysteine-less hRFC, as described in the present
study.
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in preparing the hRFC"is6 Cys-less construct. We also thank Dr Wayne Flintoff for his gift
of the MtxRIIOua®2—4 CHO cell line. This study was supported by the National Cancer
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