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ABSTRACT: The proton-coupled folate transporter (PCFT) mediates intestinal folate absorption. Loss-of-
function mutations in this gene are the molecular basis for the autosomal recessive disorder, hereditary folate
malabsorption. In this study, the substituted cysteine accessibility method was utilized to localize extra- or
intracellular loops connecting predicted PCFT transmembrane domains. Cysteine-less PCFTwas generated by
replacement of all seven cysteine residues with serine and was shown to be functional, following which cysteine
residues were introduced into predicted loops. HeLa cells, transiently transfected with these PCFT mutants,
were then labeled with an impermeant, cysteine-specific biotinylation reagent (MTSEA-biotin) with or without
permeabilization of cells. The biotinylated proteins were precipitated by streptavidin beads and assessed by
Western blotting analysis. The biotinylation of PCFT was further confirmed by blocking cysteine residues with
impermeant 2-sulfonatoethyl methanethiosulfonate. Two extracellular cysteine residues (66, 298) present in
WT-PCFT were not biotinylated; however, in the absence of either one, biotinylation occurred. Likewise,
biotinylation occurred after treatment with β-mercaptoethanol. Taken together, these analyses establish a
PCFT secondary structure of 12 transmembrane domains with the N- and C- termini directed to the cytoplasm.
The data indicate further that there is a disulfide bridge, which is not required for function, between the native
C66 and C298 residues in the first and fourth transmembrane domains, respectively.

The proton-coupled folate transporter (PCFT;1 SLC46A1;
NP_54200) was recently cloned and its critical role in intestinal
absorption of folate vitamins established by this laboratory with
the demonstration of loss-of-function mutations in the pcft gene
in six unrelated families with the autosomal recessive disorder,
hereditary folate malabsorption (HFM) (1, 2). Since then, four
additional subjects with the clinical diagnosis of HFM were
shown to have mutations in this gene (3-6). PCFT also plays a
critical role in transport of folates into the central nervous system
since patients with HFM have very low folate levels in the
cerebrospinal fluid (7, 8) (GeneReviews, http://www.ncbi.nlm.
nih.gov/bookshelf/br.fcgi?book=gene&part=folate-mal). PCFT-
mediated folate transport is electrogenic, optimal at low pH, and
is accompanied by intracellular acidification (1, 9-12).

PCFT mediates antifolate absorption within the acidic micro-
environment of the proximal small intestine. This is a particularly
important route of administration for methotrexate in the
treatment of autoimmune disorders, such as rheumatoid arthritis
(13, 14). PCFT plays an important role in pemetrexed transport
into tumor cells (11); this is a novel antifolate approved for the

treatment of pleural mesothelioma and nonsmall cell lung
cancer (15-19). PCFT has a very high affinity for pemetrexed
at the transporter’s optimal low pH and retains a much higher
affinity for this drug than other antifolates even at neutral pH, in
the absence of a pH gradient, driven by the transmembrane
voltage gradient (1, 11). Hence, in the absence of the reduced
folate carrier (SLC19A1), themajor facilitative folate transporter
that functions optimally at pH 7.4, pemetrexed transport is
substantially preserved while transport of other antifolates, such
as methotrexe, is impaired. This results in retention of peme-
trexed activity even when there is intrinsic or acquired resistance
to methotrexate on this basis (20-22).

Based upon immunohistochemical analyses, both the N- and
C-termini of human and rodent PCFT are located within the
cytoplasm consistent with an even number of transmembrane
helices (10, 23). The subsequent demonstration that two pre-
dicted N-linked glycosylation sites are, in fact, glycosylated in
human PCFT provided additional evidence for the extracellular
location of the loop between the first and second TMDs (23). In
the current paper, the substituted cysteine accessibility method
(SCAM) was utilized to further characterize the membrane
topology of PCFT (24). First, a functional cysteineless PCFT
(CL-PCFT) was generated, following which residues in predicted
external and internal loops were replaced with cysteine, and the
accessibility of the residues probed with a methanethiosulfonate-
biotin reagent in the presence or absence of membrane permea-
bilization. The results provide evidence for a 12 TMD topology
and an interaction between two native cysteine residues localized
in extracellular loops.
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MATERIALS AND METHODS

Generation of PCFT Mutant Expression Vectors by
Site-Directed Mutagenesis. The construction of a C-terminal
HA- (hemagglutinin-) tagged human PCFT expression vector
has been described (23). All PCFT mutants generated for this
study were HA-tagged at the C-terminus. The CL-PCFT expres-
sion vector was generated in two steps with the QuikChange
multisite-directed mutagenesis kit (Stratagene, La Jolla, CA). In
the first step, C21, C66, and C151 were simultaneously replaced
with serine, and in the second step, C229, C298, C328, and C397
were simultaneously changed to serine. The primers used in these
procedures are listed in Table 1. For introduction of cysteine
residues into CL-PCFT, the QuikChange II XL site-directed
mutagenesis kit (Stratagene, La Jolla, CA) was utilized. The sense
primers for these mutations are listed in Table 1. For some muta-
tions a temperature (50 �C) lower than the standard annealing
temperature of 60 �Cwas required. The coding region of the final
expression vectors was verified by automated sequencing in the
Albert Einstein Cancer Center Genomics Shared Resource.
Cell Lines and Chemicals. HeLa cells were maintained in

RPMI-1640medium supplementedwith 10% fetal bovine serum,
100 units/mL penicillin, and 100 μg/mL streptomycin. [30,50,7-3H-
(N)]Methotrexate was purchased from Moravek Biochemicals
(Brea, CA). Other reagents utilized for SCAM are indicated
below in the description of the specific methodologies.
Transport Measurements. HeLa cells were seeded into

20mL low background glass scintillation vials (Research Products
International Corp., Prospect, IL) at a density of 0.4million cells/
vial. The next day, cells were transfected with PCFT expression
vectors (1 μg/vial) and Lipofectamine 2000 (2.5 μL/vial; Invitro-
gen, Carlsbad, CA) according to the manufacturer’s protocol.
[3H]Methotrexate influx was assessed 2 days after transfection.
Briefly, cells werewashed twicewithHBS (20mMHEPES, 5mM
dextrose, 140 mMNaCl, 5 mMKCl, 2 mMMgCl2, pH 7.4) and
incubated in the same buffer at 37 �C for 20 min. The incubation
buffer was then aspirated, and transport was initiated by the
addition of 0.5 mL of prewarmed (37 �C) MBS (20 mM MES,
140 mM NaCl, 5 mM KCl, 2 mM MgCl2, pH 5.5) containing
0.5 μM [3H]methotrexate. Uptake was carried out at 37 �C over
2 min, which approximated initial rates under these conditions,

and stopped by the addition of 5 mL of ice-cold HBS. Cells were
washed three times with ice-cold HBS and dissolved in 0.5 mL of
0.2 M NaOH at 65 �C for 40 min. Radioactivity in 0.4 mL of
lysate was measured on a liquid scintillation spectrometer and
normalized to protein levels obtained with the BCA protein assay
(Pierce, Rockford, IL).
Biotinylation and Immunoprecipitation. HeLa cells were

seeded in six-well plates at a density of 0.6 million cells per well.
On day 2, cells were transfected according to the manufacturer’s
protocol with HA-tagged PCFT expression vectors (2 μg/well)
and Lipofectamine 2000 (5 μL/well). The serum-free RPMI-1640
medium employed in the transfection protocol was replaced with
normal growth medium 4 h later. On day 3, the growth medium
was replaced with freshmedium. Biotinylation was conducted on
the fourth day with MTSEA-biotin (Biotium, Hayward, CA).
MTSEA-biotin was dissolved in DMSO at a concentration of
2mg/100 μLand then dilutedwithPBS at a ratio of 1 to 100.Cells
that had been washed twice with 2 mL of PBS were immediately
incubated with this MTSEA-biotin solution (1 mL/well) for
30 min at room temperature. The MTSEA-biotin solution was
aspirated, and the cells were washed twice with 2 mL of PBS and
then overlaid on ice with 0.7 mL of hypotonic buffer (0.5 mM
Na2HPO4, 0.1mMEDTA, pH7.0) containing protease inhibitor
cocktail (Roche, Indianapolis, IN). The cells were then detached
from the plates with disposable cell lifters and centrifuged at
16000g and 4 �C for 5 min. The pellet was then resuspended in
0.4 mL of lysis buffer (50 mM Tris-base, 150 mM NaCl, 1%
NP40, 0.5% sodium deoxycholate, pH 7.4) and mixed on a
rotisserie shaker for 1 h at 4 �C before recentrifugation at 16000g
and 4 �C for 15min. The supernatant was collected and identified
as “crude membrane fraction”; 25 μL of this fraction was
separated and stored at-20 �C. The remaining crude membrane
fraction (∼375 μL) was mixed on a rotisserie shaker overnight at
4 �Cwith 50μLof streptavidin-agarose resin (ThermoScientific,
Rockford, IL) that was prewashed three times with the lysis
buffer. The next day (day 5), the mixture was centrifuged for 30 s
at 16000g following which the supernatant was aspirated from
the resin which was then washed three times with the 0.5 mL of
lysis buffer, each with a 20 min mix on a rotisserie shaker. The
final wash was with the lysis buffer supplemented with 2% SDS.
The precipitated proteins were released from the resin by heating
at 95 �C for 5 min in 2� SDS-PAGE sample loading buffer
containing dithiothreitol (DTT).

To optimize permeabilization, cells were initially incubated
with different concentrations of digitonin in PBS for 5 min (25).
A concentration of digitonin of 50 μg/mLwas the minimum level
required to permeabilize∼75% of HeLa cells (assayed by trypan
blue exclusion) and was used in all studies. While a higher
concentration of digitonin achieved greater permeabilization,
this resulted in increased nonspecific binding of proteins to the
streptavidin-agarose resin. To block cysteine residues with
MTSES (Toronto Research Chemicals Inc., Canada), a concen-
tration of 1 mg/mL of this reagent in PBS was prepared and
immediately added (1 mL/well) to prewashed cells and incubated
at room temperature for 30 min. To disrupt the disulfide bridge,
cells expressingWT-PCFTwere treatedwith 20mM β-mercapto-
ethanol in PBS for 30 min at room temperature followed by two
washes with PBS.
Western Blotting Analysis. All samples were resolved on

standard 12.5% SDS-PAGE without reducing reagent. The
precipitated proteins (released from beads as described in see
previous sections) were loaded directly on gels while the crude

Table 1: Sense Primers for Generation of Human PCFT Mutants Used in

the Current Study

mutations primer sequence (50 to 30)

C21S GCGGCTGCCGTGCTGTCCCGGGGCCCGGTAGAG

C66S CGCCAAAGGGGGGGCTCCAGCAACCGCAGCGCG

C151S CTGGGTCGCATCCTTTCTGCCCTCCTCGGCGAC

C229S CTCTATGCAGCTTTCTCCTTTGGTGAGACCTTA

C298S CTAAGCACACCCCTCTCCTGGGACTCCAAACTA

C328S AAGCTCCTGCAGTACTCCCTGGCCGATGCCTGG

C397S TTTTCTGCTGTGGCCTCTGTGAAATAGCCTGGCC

S110C GGAGC TTGGAGCGAC TGTGTGGGCCGCCGCCCG

V141C CAGCTGCAGCTCCACTGCGGCTACTTCGTGCTG

S174C GATGTCAGCTCCTGCCGCAGCCGCACC

G207C TGGCTCCGGGCCCAGTGTTATGCCAACCCCTTC

T240C GAGCCAAAGTCCTGCCGGCTCTTCAC

E261C GCTCCCGCCCCATGCAAGTCCAGGAAA

E292C TTAACCCTTTATTGCCTAAGCACACCC

L329C CTGCAGTACTCCTGCGCCGATGCCTGG

L357C GCCACTATCACGCCTTGCATGTTCACAGGATAT

T386C AAGCTGGTGAGAGAGTGCGAGCAGGGTGCTCTC

T417C TCACTCTACCCAGCCTGTCTGAACTTTATGAAG
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membranes were mixed (1:1) with DTT-containing 2� SDS-
PAGE sample loading buffer at room temperature before load-
ing on gels. After SDS-PAGE, proteins were transferred to
Amersham Hybond membranes (GE Healthcare, Piscataway,
NJ). The membranes were blocked with 10% dry milk in TBST
(20 mM Tris, 135 mM NaCl, 1% Tween 20, pH 7.6) overnight
and probed for 2 h with a rabbit anti-HA antibody (H6908;
Sigma, St. Louis,MO) at a dilution of 1:5000 in TBST containing
0.1% dry milk. After three washes with TBST, membranes were
incubated for 1 h on a shaker with anti-rabbit IgG-HRP
conjugate (Cell Signaling Technology) in TBST at a 1:5000
dilution. After three additional washes with TBST, the blots
were developed with Amersham ECL Plus reagent (GE Health-
care, Piscataway, NJ) and exposed to autoradiography film
(Denville Scientific, Metuchen, NJ).

RESULTS

AWorkingModel ofHumanPCFTMembraneTopology.
Different computer programs used by different servers predict
a different number of transmenbrane domains (TMDs) for
human PCFT topology. For example, 12-, 11-, or 10-TMD
models are predicted by HMMTOP (26), TMHMM (27), or
TMpred (28), respectively. Based upon the findings that both
C- and N-termini are localized intracellularly and both predicted
N-glycosylation sites (N58 andN68) are actually glycosylated, an
even number of TMDs was required, and a 12-TMD topology
was utilized as a working model for the current study (Figure 1).
Generation ofCysteinelessHumanPCFT.There are seven

cysteine residues in humanPFCT (Figure 1); their exact positions
are indicated in Table 1. All of these residues were replaced with
serine to generate a cysteineless PCFTorCL-PCFT.As indicated
in Figure 2, [3H]methotrexate influx mediated by CL-PCFT was
∼85% that of WT-PCFT, a difference that did not reach
statistical significance based upon the average of six independent
experiments.
Introduction of Cysteine Residues in Loops Predicted To

Be Extracellular or Intracellular in the CL-PCFT. Since the
locations of the N- and C-termini as well as the first predic-
ted extracellular loop (EL1) are established, the current study
focused on predicted extracellular loops, EL 2 to EL 6, and

predicted intracellular loops (IL), IL 1 to IL 5 (Figure 1). One
residue in each targeted loop, except IL 3, was mutated to
cysteine. Two residues in IL 3 were individually mutated to
cysteine due to the large size of this loop (Figure 1 and Table 1).
The resulting mutants met two basic requirements of SCAM.
(i) The mutated PCFT retained function. (ii) The mutated PCFT
could be labeled either in the absence or presence of membrane
permeabilization.

Transport function for each PCFT mutant was assessed. As
indicated in Figure 3, the majority of the mutant PCFTs had
[3H]methotrexate influx activities similar to, or slightly less than,
that of CL-PCFT.Activity of the L357Cmutantwas 38%ofCL-
PCFT; this was far higher than that of themock-transfected cells.
Biotinylation of PCFT Mutants with MTSEA-Biotin in

the Absence of Permeabilization. Biotinylation of PCFT
mutants was carried out with a membrane-impermeant reagent,
MTSEA-biotin, in the absence of permeabilization. Under these
conditions, only externally accessible cysteine residues can be
labeled. As indicated in Figure 4, panel A, upper bands, V141C
(EL 2), G207C (EL 3), E292C (EL 4), L357C (EL 5), and T417C
(EL 6) mutants were labeled by MTSEA-biotin. CL-PCFT was
not labeled as expected. It is interesting to note that WT-PCFT
was also not labeled, despite the presence of two (C66, EL 1;
C298, EL 4) extracellular cysteine residues (Figure 1). As a con-
trol, the amount of PCFT protein in the crude membrane
preparation was also monitored (panel A, lower bands). Con-
sistent with the lower transport activity, L357C protein in the

FIGURE 1: Membrane topology of human PCFT. A predictedmodel
of the secondary structure of human PCFT (HMMTOP) supported
by earlier reports (10, 23) and the current study. Orange circles
indicate seven native cysteine residues that were substituted with
serine to obtain the cysteineless protein, CL-PCFT. Green circles
mark residues that could be biotinylated without membrane permea-
lization while blue circles indicate residues that could be biotinylated
only after membrane permeabilization. Red circles indicate sites of
N-glycosylation. EL, extracellular loop; IL, intracellular loop.

FIGURE 2: Assessment of CL-PCFT activity. CL-PCFT and WT-
PCFTexpressionvectorswere transiently transfected intoHeLacells.
PCFTactivitywas determined 48h later by assessment of [3H]metho-
trexate influx (0.5 μM) at pH 5.5 over 2 min. Data are the mean (
SEM from six independent experiments.

FIGURE 3: Assessment of transport activities of PCFT mutants
generated for topological studies. CL-PCFT and mutant expression
vectors were transiently transfected into HeLa cells. PCFT transport
activities were assessed by 0.5 μM[3H]methotrexate influx over 2min
at pH 5.5. The data for each mutant are expressed as percentage of
CL-PCFT activity. The results are the mean ( SEM from three
independent experiments.
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crude membrane preparation was less than that of CL-PCFT.
For all mutants as well asWT-PCFT, proteinmigrates as a broad
band on SDS-PAGE between 60 and 80 kDa, consistent with
N-glycosylation of this transporter (23).

If cysteine residues in V141C, G207C, E292C, L357C, and
T417Cmutants are indeed externally accessible, they should react
with a cysteine-specific membrane-impermeant reagent,MTSES,
thereby blocking subsequent biotinylation of these residues by
MTSEA-biotin. As indicated in panel B ofFigure 4, pretreatment
of intact cells expressing these mutants with MTSES reduced, or
near completely eliminated, their subsequent biotinylation. These
results further confirm the extracellular accessibility of these
residues. There was no signal at all observed for CL-PCFT,
indicating that the labeling is highly specific.
Biotinylation of PCFT Mutants with MTSEA-Biotin

after Membrane Permeabilization. The remaining mutants,
that could not be labeled by MTSEA-biotin in the absence of
permeabilization, were then treated with this reagent after cells
were permeabilized with digitonin. As indicated in panel A of
Figure 5, S110C (IL 1), S174C (IL 2), T240C (IL 3), E261C
(IL 3), L329C (IL 4), and T386C (IL 5) were labeled under these
conditions, consistent with the intracellular localization of these
residues.

Panel B of Figure 5 confirms the intracellular location of
cysteine residues in S110C, S174C, T240C, E261C, L329C, and
T386 mutants. Condition “1” indicates standard biotinylation
after permeabilization with digitonin, the same condition as
described for panel A of this figure. Under condition “2”, the
intact cells were first treated with MTSES, the membrane-
impermeant, cysteine-specific reagent followed by permeabilization
of cells with digitonin before biotinylation with MTSEA-biotin.

Since MTSES does not diffuse into cells, intracellularly localized
cysteine residues should not be blocked, and biotinylation should
not be affected. This was what was observed. Under condition
“3”, cells were first permeabilized with digitonin and then treated
with MTSES followed by biotinylation with MTSEA-biotin.
Under this condition, the cells were permeable to MTSES resul-
ting in its reaction with intracellularly localized cysteine residues
thereby blocking the subsequent biotinylation of the mutants.
Identification of an Intermolecular Disulfide Bridge be-

tween Native Cysteine 66 and Cysteine 298 Residues in
Human PCFT.As indicated above,WT-PCFT was not labeled
with MTSEA-biotin in the absence of membrane permealization
despite the fact that two native cysteine residues, C66 and C298,
were localized to EL 1 and EL 4, respectively. One explanation
for this finding is that both cysteine residues were not accessible
to labeling reagent due to steric hindrance. Another possibility
is that these residues form a disulfide bridge and thus neither
sulfhydryl group is available for the labeling reaction. The
following studies were designed to test these possibilities.

First, cells expressingWT-PCFTwere treatedwith β-mercapto-
ethanol to disrupt a potential disulfide bridge thereby releasing
sulfhydryl groups. As indicated in panel A of Figure 6, pretreat-
ment of cells with β-mercaptoethanol resulted in labeling ofWT-
PCFT with MTSEA-biotin in the absence of permealization.
Next, C66, C298, or both residues inWT-PCFTwere substituted
with serine to generate C66S, C298S, and C66S/C298S mutants.
As expected, the activities of C66S, C298S, or C66S/C298S,
assessed by [3H]methotrexate influx, were comparable to that
of WT-PCFT (95 ( 5%, 90 ( 1%, or 96 ( 5% of WT-PCFT
activity, respectively, based upon three independent experi-
ments). As indicated in panel B of Figure 6, replacement of
either C66 or C298 with serine allowed PCFT to be labeled by
MTSEA-biotin, indicating that elimination of one cysteine of the
disulfide bridge frees the other cysteine for the reaction. When
both cysteine residues were removed from WT-PCFT, the
mutant was not labeled by the MTSEA-biotin. Hence, these
data are consistent with the presence of a disulfide bond between

FIGURE 4: Bioinylationof PCFTmutantswithMTSEA-biotin in the
absence of permeabilization. HeLa cells transiently expressing HA-
tagged WT-PCFT, CL-PCFT, or PCFT mutants were treated with
MTSEA-biotin, and the crude membranes were then incubated with
streptavidin beads to pull down biotinylated proteins. The proteins
on the beads were recovered and analyzed by Western blot using an
anti-HAantibody. PCFTprotein in the crudemembranepreparation
was also analyzed to determine protein expression. Panel A: Repre-
sentative labeling of PCFT expressed in HeLa cells with MTSEA-
biotin in the absence of membrane permeabilization (upper bands)
along with total PCFT protein in crude membrane (lower panel).
Panel B: Effect of pretreatment with MTSES on biotinylation. The
cells were either subjected directly to biotinylation or treated with
MTSES before biotinylation. For both panels, at least two indepen-
dent experiments were performed for each mutant, and the crude
membrane sample was always matched to the precipitated sample.

FIGURE 5: Biotinylation of PCFTmutants withMTSEA-biotin after
permeabilization. Panel A: HeLa cells transiently expressing CL-
PCFT or various mutants were permeabilized with digitonin before
the biotinylation reaction. Panel B: Dependence of biotinylation
inhibition by MTSES on digitonin permeabilization. Three condi-
tions of biotinylation labeling were conducted for each mutant:
(1) Cells were permeabilized before the biotinylation reaction (same
as described for panelAof this figure). (2)Cells were first treatedwith
MTSES and then permeabilized with digitinon before the biotinyla-
tion reaction. (3) Cells were permeabilized with digitonin first and
then treated with MTSES before the biotinylation reaction. For all
panels, the crude membrane sample was matched to the precipitated
sample, and results are representative of at least two separate experi-
ments.
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the C66 and C298 residues. It is of interest that PCFT protein
migrates on SDS-PAGE as distinct double bands (Figure 6) in
the absence of the disulfide bond as compared to a single band in
the presence of the disulfide bond (Figures 4 and 5).

Additional studies were designed to determine whether the
disulfide bridge is intra- or intermolecular; in the latter case the
bond would represent the formation of a dimer or polymer
among two or more PCFT molecules. If the disulfide bond is
formed intermolecularly, the molecular size of PCFT would be
twice that of the monomer or higher and would migrate much
slower on SDS-PAGE in the absence any reducing reagent.WT-
PCFT, C66S, C298C, and C66S/C298S mutants were thus
treated with the SDS-PAGE sample buffer in the absence of
DTT along with a control where the treatment was performed in
the presence of DTT to disrupt the disulfide bond. No change in
migration was seen on SDS-PAGE under these two conditions
for WT-PCFT, indicating the absence of an intermolecular
disulfide bond in WT-PCFT (data not shown). In addition, the
migration pattern for C66S, C298S, and C66/C298 mutants was
the same as WT-PCFT, regardless of the presence of DTT.
Hence, the disulfide bridge formed between C66 and C298 is
intramolecular.

DISCUSSION

The current study utilized SCAM to define the localization of
loops connecting PCFT transmembrane domains, an approach
that has been applied to thoroughly characterize structural
aspects of the reduced folate carrier (SLC19A1), the other major
facilitative folate transport carrier (29-31). These data along
with earlier immunohistochemical localization of the N- and
C- termini of the human andmurine PCFTwithin the cytoplasm
indicate a PCFT topology consisting of 12 transmembrane
domains. This is different than an earlier model of this carrier
suggesting 9 TMDs with the C-terminus localized extracellu-
larly (32). Of course, ultimate resolution of the topology and
three-dimensional structure of PCFTwill require a high-resolution
crystal structure which has not as yet been achieved for a
eukaryotic transporter.

The localization of two cysteine mutants (T240C and E261C),
inserted near the membrane-aqueous boundaries of the large
central loop (IL 3), to the intracellular compartment confirms the
location of the fully conservedH247 residue. Likewise, the results
with the S174Cmutant confirm the location of the fully conserved

S172 at IL 2. Homology modeling predicted, and site-directed
mutagenesis supported, the likelihood that these residues are in
hydrogen bond distance and influence the accessibility of folate
substrates to the binding pocket within the translocation path-
way (9). The integrity of the association between these two
residues was also shown to limit proton slippage through the
PCFT aqueous translocation pathway independent of folate
substrate transport (9). Likewise, the data confirm the location
of H281 in the seventh TMD, a residue that appears to influence
proton binding which, in turn, modulates folate binding (9). The
E185 residue, which plays an important role in proton coup-
ling, is confirmed to reside as predicted, in the fifth TMD (33).
Confirmation of the secondary structure also strengthens loca-
lization of other PCFT residues mutated in patients with
HFM (2, 5).

The observation that two native cysteine residues, C66 and
C298, in WT-PCFT could not be labeled by MTSEA-biotin in
spite of their extracellular location led to identification of an
intramolecular disulfide bridge between these two residues.
Apparently, the formation of this disulfide bond is not critical
to PCFT function since the C66S, C289S, and C66S/C298S
mutants and even CL-PCFT have transport activities compar-
able to that of WT- PCFT. This is in contrast to the more
important role disulfide bridges play in other transporters. For
example, the intramolecular bridge between C592 and C608 in
the multidrug resistance-associated protein, ABCG2, is critical
for membrane targeting and function (34). The disulfide bridge
between C180 and C329 in the human proton-coupled amino
acid transporter, hPAT1, is required for substrate binding (35).
Disruption of the disulfide bond between C126 and C333 in the
human vesicle monoamine transporter (VMAT2) impairs trans-
port function (36). Elimination of the bridge between C255 and
C511 in the human sodium/glucose cotransporter (SGT1) alters
conformation of the transporter and decreases its affinity for
R-methylglucose (37). All cysteine-associated disulfides bridges,
as described above, are located extracellularly.

In the absence of a crystal structure, homology models have
been employed to characterize eukaryotic facilitative transpor-
ters based upon the known structures of bacterial transpor-
ters (38). In the case of human PCFT, its structure has been
predicted using the template of the bacterial glycerol 3-phosphate
transporter: GlpT (5, 9). The results from the current study not
only verify the 12-transmembrane domain topology of human
PCFTbut also provide new structural information thatwill allow
refinement of the homology model. Hence, the substituted
residues in the extracellular and intracellular loop must be
exposed to their respective aqueous compartments since they
are fully accessible to the MTSEA-biotin. Further, the native
cysteine 66 in EL 1 must be physically close to cysteine 298 in EL
4 within the context of the tertiary structure since these two
residues form a disulfide bridge.

Other approaches to determine transporter topology utilize
insertion of an immunoreactive epitope or N-glycosylation site.
For example, along with SCAM (29), insertion of hemagglutinin
(HA) (39, 40) and N-glycosylation (40) sites has been used to
determine the topology of human reduced folate carrier. Major
advantages of SCAM include minimal structural effects asso-
ciated with cysteine substitutions as well as rapid and selective
reaction of the cysteine sulfhydryl group. Epitope insertion
requires introduction of multiple sequential amino acid residues
in a transporter, an alteration that may affect transport function.
Also, an antibody is much more likely to be inaccessible to the

FIGURE 6: Identification of a disulfide bond between C66 and C298
in human PCFT. Panel A: The effect of treatment with 20 mM
β-mercaptoethanol (BME) on biotinylation of HeLa cells expressing
WT-PCFT. Panel B: Biotinylation of WT-PCFT and mutants in
which C66, C298, or bothwere replaced with serine. For both panels,
at least two independent experiments were performed for each
mutant, and the crude membrane sample was always matched to
the precipitated sample.
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epitope then the much smaller sulfhydryl reagents. For N-glyco-
sylation scanning mutagenesis, a predicted N-glycosylation site
(NXS/T) may not be glycosylated, even if it is extracellularly
located, if the targeted loop is small. Also, this approach cannot
be used for localization of intracellular loops.
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