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Abstract

The human proton-coupled folate transporter (hPCFT) is expressed in solid tumours and is active 

at pHs characterizing the tumour microenvironment. Recent attention focused on exploiting 

hPCFT for targeting solid tumours with novel cytotoxic anti-folates. hPCFT has 12 

transmembrane domains (TMDs) and forms homo-oligomers with functional significance. The 

hPCFT primary sequence includes GXXXG motifs in TMD2 (G93XXXG97) and TMD4 

(G155XXXG159). To investigate roles of these motifs in hPCFT function, stability and surface 

expression, we mutated glycine to leucine to generate single or multiple substitution mutants. Only 

the G93L and G159L mutants preserved substantial [3H]methotrexate (Mtx) transport when 

expressed in hPCFT-null (R1-11) HeLa cells. Transport activity of the glycine-to-leucine mutants 

correlated with surface hPCFT by surface biotinylation and confocal microscopy with ECFP*-

tagged hPCFTs, suggesting a role for GXXXG in hPCFT stability and intracellular trafficking. 

When co-expressed in R1-11 cells, haemagglutinin-tagged glycine-to-leucine mutants and His10-

tagged wild-type (WT) hPCFT co-associated on nickel affinity columns, suggesting that the 

GXXXG motifs are not directly involved in hPCFT oligomerization. This was substantiated by in 

situ FRET experiments with co-expressed ECFP*- and YFP-tagged hPCFT. Molecular modelling 

of dimeric hPCFT structures showed juxtaposed TMDs 2, 3, 4 and 6 as potential structural 
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interfaces between monomers. hPCFT cysteine insertion mutants in TMD3 (Q136C and L137C) 

and TMD6 (W213C, L214C, L224C, A227C, F228C, F230C and G231C) were expressed in 

R1-11 cells and cross-linked with 1,6-hexanediyl bismethanethiosulfonate, confirming TMD 

juxtapositions. Altogether, our results imply that TMDs 3 and 6 provide critical interfaces for 

formation of hPCFT oligomers, which might be facilitated by the GXXXG motifs in TMD2 and 

TMD4.
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INTRODUCTION

Folates are water-soluble members of the B-class of vitamins. They act as one-carbon 

carriers in metabolic reactions leading to biosynthesis of purines, thymidylate, methionine, 

histidine and serine [1]. Because of their hydrophilic character, there is minimal passive 

diffusion of folates across cell membranes. Rather, highly specific transporters are required 

to mediate intestinal folate absorption and folate uptake into systemic tissues [2]. Three 

primary transport routes are involved in folate internalization, including the reduced folate 

carrier (RFC), the proton-coupled folate transporter (PCFT) and folate receptors α and β. 

These systems contribute to in vivo folate homeostasis and to delivery of cytotoxic anti-

folates including methotrexate (Mtx) and pemetrexed (Pmx) in the treatment of cancer [2–

4].

PCFT (SLC46A1) is a proton-folate symporter that functions optimally at acidic pH by 

coupling the flow of protons to the transport of folates [5–7]. The role of PCFT in intestinal 

folate absorption in humans was established by demonstrating loss-of-function mutations in 

human PCFT (hPCFT) in a patient with the rare autosomal inherited disorder, hereditary 

folate malabsorption [7]. In addition to the proximal small intestine, hPCFT is expressed in 

other normal tissues, such as liver and kidney, which do not experience low pH conditions 

[4,8]. hPCFT is detected at substantial levels in many human tumours [9,10] and shows 

appreciable activity at pH 6.5–6.8, depending on the substrate, although maximal activity 

occurs at pH 5–5.5 and transport is nominal above pH 7 [5,11]. The clinically relevant anti-

folate Pmx is among the best substrates for hPCFT and at least part of its clinical efficacy is 

probably due to its membrane transport by hPCFT [3]. Most recently, novel cytotoxic folate 

analogues are being developed with transport specificities for PCFT over RFC for 

selectively targeting solid tumours [3,9, 12–17].

Reflecting its biological and therapeutic importance, studies have begun to explore key 

structural determinants of hPCFT function [3,18,19]. Thus, structurally and/or functionally 

important residues in hPCFT were identified, including Asp109, Arg113, Asp156, Gly158, 

Leu161, Ser172, Glu185, Ile188, Gly189, Gly192, Glu232, His247, His281, Ile304, Arg376 and 

Pro425 [3,20–29], and stretches including transmembrane domains (TMDs) 2, 4 and 5 were 

identified by cysteine-scanning accessibility methods as forming substrate-binding/

membrane-translocation domains [20,21,30]. hPCFT is N-glycosylated at Asn58 and Asn68 
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[31]. A unique β-turn structure in the TMD 2–3 loop region forms a novel reentrant loop 

structure [30] and is essential for intracellular trafficking and high level transport [26,32].

hPCFT forms homo-oligomers both in detergent solution and in situ with the hPCFT dimer 

as the dominant form [18]. With ectopically expressed hPCFT, oligomerization was 

established by cross-linking with 1,1-methanediyl bismethanethiosulfonate (MTS-1-MTS), 

blue native gel electrophoresis, binding of co-expressed haemagglutinin (HA) and His10-

tagged hPCFT monomers to nickel affinity columns and FRET between co-expressed YFP 

(YPet)- and enhanced cyan fluorescent protein (with K26R/N164H mutation; ECFP*)-

tagged hPCFT monomers [18]. Combined wild-type (WT) and inactive mutant P425R 

hPCFTs exhibited a distinctive ‘dominant-positive’ transport phenotype, implying positive 

co-operativity between hPCFT monomers and functional ‘rescue’ of mutant hPCFT by WT 

hPCFT [18]. hPCFT oligomers were also identified by Zhao et al. [21] by homobifunctional 

cross-linking with MTS-1-MTS and a putative TMD6 interface between hPCFT monomers 

was implied from the finding that MTS-1-MTS treatment generated cross-links between 

Cys229 (located in TMD6) in individual PCFT monomers, but not when Cys229 was mutated 

to serine.

The hPCFT primary sequence includes GXXXG motifs in TMD2 (amino acids 93–97) and 

in TMD4 (amino acids 155–159; Figure 1A), similar to dimerization motifs in other 

amphipathic proteins. GXXXG is one of the most frequently occurring transmembrane 

sequence motifs; the four-residue separation aligns the GXXXG glycines on one face of the 

helix, thus providing a flat surface for tight interactions between transmembrane α-helices 

[33–36]. The GXXXG motif has been linked to dimerization in membrane proteins [37–43]. 

While alanine substitution at Gly93 and Gly97 did not significantly affect hPCFT transport or 

oligomer formation [21], AXXXA motifs have also been reported to promote interactions 

between transmembrane helices [44].

To systematically investigate structural determinants of hPCFT oligomerization, in the 

present study, we characterized the roles of the G93XXXG97 and G155XXXG159 motifs in 

hPCFT expression and function, as well as in the formation of hPCFT oligomers, by 

comparing the impact of replacing glycines with alanines to that resulting from their 

replacement with leucines. Based on results of Zhao et al. [21] and molecular modelling, we 

also explored the roles of residues localized to TMDs 3 and 6 in forming critical structural 

interfaces between hPCFT monomers.

MATERIALS AND METHODS

Reagents

[3′,5′,7-3H]Mtx (20 Ci/mmol) was purchased from Moravek Biochemicals. Unlabelled Mtx 

was provided by the Drug Development Branch, National Cancer Institute, National 

Institutes of Health. Synthetic oligonucleotides were obtained from Invitrogen. Tissue 

culture reagents and supplies were purchased from assorted vendors with the exception of 

FBS, which was purchased from Hyclone Technologies. The cross-linking reagent 1,6-

hexanediyl bismethanethiosulfonate (MTS-6-MTS) was purchased from Toronto Research 

Chemicals.
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Cell culture

The RFC- and hPCFT-null HeLa cell line, designated R1-11 [45], was a gift of Dr I. David 

Goldman (Bronx, NY). R1-11 cells were maintained in complete RPMI (Roswell Park 

Memorial Institute) 1640 medium containing 10% FBS, 2 mM L-glutamine, 100 units/ml 

penicillin and 100 μg/ml streptomycin [18].

hPCFT plasmid constructs and transient transfections

WT hPCFT constructs including wtFLAGhPCFTMyc-His10, wthPCFTHA, wthPCFTMyc, YPet–

hPCFT and hPCFT–ECFP* were previously described [18]. WT Myc/HA-tagged hPCFT 

(wthPCFTMyc-HA) was prepared from wthPCFTMyc by removing the stop codon between the 

Myc and HA epitopes [18]. Glycine-to-leucine substitution mutants, including single (G93L, 

G97L, G155L, G159L) or multiple (G93L/G97L, G155L/G159L, G93L/G97L/G155L/

G159L) leucine replacements, were prepared by site-directed mutagenesis, using 

wthPCFTMyc-HA, wtFLAGhPCFTMyc-His10, YPet–hPCFT and hPCFT–ECFP* [18] as 

templates. The analogous single and multiple glycine-to-alanine replacement mutants at 

positions 93, 97, 155 and 159 were generated in the same manner with 

wtFLAGhPCFTMyc-His10 as template. Cysteine-less (CL) hPCFT [30], including a HA 

epitope at the C-terminus (clhPCFTHA) in pCDNA3 was prepared by PCR from the 

hPCFTHA construct [18], by mutagenizing Cys21, Cys66, Cys151, Cys229, Cys298, Cys328 

and Cys397 to serine, using the QuikChange™ Multi Site-Directed Mutagenesis Kit (Agilent) 

[30]. Single cysteine replacements were generated using clhPCFTHA as template and the 

QuikChange™ Site-Directed Mutagenesis Kit (Agilent). Primers were designed using the 

QuikChange™ Primer Design program (Agilent) and are available upon request. All 

mutations were confirmed by DNA sequencing by Genewiz, Inc.

WT and mutant hPCFT constructs (see below) were transiently transfected into R1-11 cells 

with Lipofectamine-Plus reagent (Invitrogen), as previously described [46]. With all 

transfections, cells were harvested after 48 h for transport and for preparing plasma 

membranes and Western blotting (see below). For experiments in which results for 

transfections with two plasmid constructs were directly compared with results for cells 

transfected with a single plasmid construct, constant DNA amounts were maintained by 

adding empty pCDNA3 (Invitrogen) to the single transfections.

Membrane transport experiments

Cellular uptake of [3H]Mtx (0.5 μM) was measured over 2 min at 37°C in 60-mm dishes in 

MES-buffered saline (20 mM MES, 140 mM NaCl, 5 mM KCl, 2 mM MgCl2 and 5 mM 

glucose) at pH 5.5 [15]. Levels of intracellular radioactivity were expressed as pmol/mg 

protein, calculated from direct measurements of radioactivity and protein contents [47] of 

the cell homogenates.

Membrane preparations and Western blot analysis of plasma membrane and cell surface 
hPCFT proteins

Plasma membrane preparations, SDS/PAGE and electrotransfer to polyvinylene difluoride 

membranes (Pierce) were exactly as reported previously [46]. Detection and quantification 
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of immunoreactive proteins used anti-hPCFT [18], anti-FLAG (Sigma), anti-HA (Covance) 

or anti-GFP (Abcam) antibodies and IRDye800-conjugated secondary antibody with an 

Odyssey® infrared imaging system (LI-COR). β-Actin was used as a loading control 

(Sigma).

For some experiments, the Cell Surface Labeling Accessory Pack (Thermo Scientific) was 

used to biotinylate and isolate surface membrane proteins prior to SDS/PAGE and Western 

analysis. Briefly, cells were incubated with 0.25 mg/ml sulfo-NHS (N-hydroxysuccinimide)-

SS-biotin in PBS for 30 min at 4°C and then solubilized with lysis buffer. The lysates were 

centrifuged to remove the insoluble fraction. The supernatants were incubated with 

immobilized NeutrAvidin™ gel slurry for 1 h at room temperature, after which the beads 

were washed five times with wash buffer, containing protease inhibitors (Roche Applied 

Science). The proteins were eluted with 1× SDS/PAGE sample buffer [48], containing 50 

mM DTT and analysed by SDS/PAGE/Western blotting.

Confocal microscopy and FRET analysis

For confocal microscopy, R1-11 cells were plated and transfected in Lab-Tek®II chamber 

slides (Nalge Nunc International). Cells were transfected with ECFP*-tagged WT and 

glycine-to-leucine mutant hPCFTs, then incubated with CellMask™ Deep Red plasma 

membrane stain (Invitrogen) for 5 min before being visualized with a Leica TCS SP5MP 

confocal microscope system, using a 63× oil immersion lens. The excitation/emission is 

649/666 nm for the plasma membrane stain and 458/460–490 nm for ECFP*.

FRET analysis was performed exactly as in our previous report [18]. Briefly, R1-11 cells 

were seeded in 35-mm glass bottom micro well dishes (MatTek) 24 h before transfections 

with Lipofectamine-Plus reagents (see above), using 700 ng of DNA per dish (350 ng for 

each construct; for single transfections, 350 ng of pCDNA3 were added to maintain constant 

DNA). After 48 h and just prior to the FRET experiments, the medium was replaced with 

Leibovitz’s L-15 medium (Invitrogen). Donor and acceptor images were acquired separately 

using a Leica TCS SP5MP confocal microscope system (Leica Microsystems), equipped 

with an argon laser (maximum luminous power at the focal plane is less than 30 milliwatts) 

with 458- and 514-nm lines. Spectral detection bandwidth of the Leica SP5 channels was set 

up to balance minimal cross-talk with optimal collection efficiency. FRET between YPet- 

and ECFP*-tagged hPCFT proteins was calculated using the FRET sensitized emission 

module of the Leica confocal software (LCS 2.61.1537), applying the equation: FRET = (B 

– A × β – C × γ)/C, where: A = ECFP* emission (by ECFP* excitation); B = FRET emission 

(by ECFP* excitation); C = YPet emission (by YPet excitation); β = correction factor for 

donor cross-talk (B/A when only ECFP* is expressed); and γ = correction factor for acceptor 

cross-excitation (B/C when only YPet is expressed) [18]. Positive and negative FRET 

controls include an ECFP*/YPet tandem construct and co-transfected separate ECFP* and 

YPet constructs, respectively [18]. FRET image raw data were processed using ImageJ 

software (W.S. Rasband, ImageJ, National Institutes of Health). The FRET experiments 

were performed in the Microscopy, Imaging, and Cytometry Resources Core at the Wayne 

State University School of Medicine.
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Protein association study with histidine SpinTrap™ chromatography

R1-11 cells were co-transfected with FLAG/Myc-His10– and HA-tagged WT or mutant 

hPCFTs as 1:1 ratios for both constructs. Transfected cells were harvested and disrupted 

(sonication) and membranes were solubilized by 1% n-dodecyl-β-D-maltoside for 2.5 h at 

4°C. One-tenth of the solubilized samples was set aside as whole cell lysates to monitor 

protein expression levels by Western blots. The remainder was passed through His 

SpinTrap™ columns (GE Healthcare) with 20 mM sodium phosphate buffer (pH 7.4), 

containing 0.1% n-dodecyl-β-D-maltoside, 500 mM NaCl, EDTA-free proteinase inhibitor 

(Roche Applied Science) and 120 mM imidazole in both equilibration and washing buffers. 

The bound proteins were eluted with the above buffer, containing 500 mM imidazole [18]. 

The whole cell lysates and the eluted samples from the Ni2+-chelating columns were 

fractionated on 4%–20% Tris/glycine gels (Invitrogen), followed by Western blotting.

Cross-linking of cysteine-substituted mutants of hPCFT

Forty-eight hours post-transfection with hPCFT mutants, R1-11 cells (in 60-mm dishes) 

were washed twice with Dulbecco’s PBS and then treated with MTS-6-MTS [freshly 

dissolved in DMSO at 7.2 mg/ml (30 mM) and then diluted in PBS 1:100 (0.072 mg/ml or 

0.3 mM)] on ice for 1 h. The cells were washed twice with PBS, then treated with 1.4 ml 

hypotonic buffer (0.5 mM Na2HPO4, 0.1 mM EDTA, pH 7.0) which contained protease 

inhibitor cocktail (Roche) on ice for 30 min. The cells were scraped from the dishes with 

rubber policemen and then centrifuged at 16 000 g at 4°C for 10 min. The cell pellets were 

solubilized in 0.4 ml of lysis buffer (50 mM Tris-base, 150 mM NaCl, 1% NP40 and 0.5% 

sodium deoxycholate, pH 7.4), then centrifuged (16 000 g, 4°C) for 15 min to remove cell 

debris. The supernatant was frozen, protein contents determined [Bradford assay (Biorad)] 

and constant protein amounts were analysed by Western blotting using DTT-free 2× SDS/

PAGE loading buffer.

Molecular modelling

Using the crystal structure of GlpT (1PW4) as template [49], we did homology modelling of 

the hPCFT monomer with Robetta Server (http://robetta.bakerlab.org). The top five hPCFT 

homology models retrieved through Robetta were evaluated by superimposing them over 

crystal structures of LacY, obtained at various states (1PV6, 1PV7, 2CFP, 2CFQ, 2V8N and 

2Y5Y) and of GlpT (1PW4), by Chimera MatchMaker (http://www.cgl.ucsf.edu/chimera) 

with parameters optimized by superimposing GlpT (1PW4) over LacY (1PV6) that gave the 

lowest RMSD values over the longest Cα atoms. This was based on the notion that all 

crystal structures from three members (LacY, GlpT and EmrD) of the major facilitator 

superfamily (MFS) of transporters have preserved both secondary and tertiary structure 

elements during evolution [50]. The hPCFT model (hPCFT_R5) showing the lowest RMSD 

values (above) was manually adjusted with COOT (http://lmb.bioch.ox.ac.uk/coot/) to 

reflect the TMD2-3 re-entrant loop [30], resulting in hPCFT_R5_2-3RL. The 

hPCFT_R5_2-3RL model was further validated by assigning known residues that line the 

potential substrate binding pocket of hPCFT. The validated hPCFT_R5_2-3RL homology 

model was used to build an hPCFT dimeric model using MDOCK server [51], based on the 

notion that hPCFT forms oligomers with the dimer as dominant species [18].
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Statistical analysis

Statistical analyses were performed using GraphPad 6.0 software.

RESULTS AND DISCUSSION

Characterization of the hPCFT G93XXXG97 and G155XXXG159 motifs by site-directed 
mutagenesis

hPCFT was reported to form homo-oligomers of which dimeric hPCFT was the predominant 

form [18]. However, structural determinants of hPCFT oligomerization have not been 

systematically studied. Analysis of the hPCFT amino acid sequence identified two GXXXG 

motifs, including a highly conserved sequence in TMD2 (G93XXXG97) and a lesser 

conserved sequence in TMD4 (G155XXXG159; Figure 1B). To interrogate these motifs for 

their possible roles in hPCFT oligomerization and transport function, we mutated glycine-to-

leucine to generate single (G93L, G97L, G155L, G159L) and multiple (G93L/G97L, 

G155L/G159L, G93L/G97L/G155L/G159L) hPCFT mutants, using wthPCFTMyc-HA as a 

template. WT and mutant hPCFT constructs were transiently transfected into hPCFT-null 

R1-11 cells and the transfected cells were assayed for membrane transport at pH 5.5 with 

[3H]Mtx (0.5 μM) for 2 min at 37°C. Total hPCFT protein levels were measured in crude 

membranes, whereas cell surface expression of hPCFT protein was measured by surface 

biotinylation with sulfo-NHS-SS-biotin, followed by isolation of biotinylated proteins on 

immobilized NeutrAvidin™ gel. Crude membrane and biotinylated proteins were analysed 

by SDS/PAGE and Western blotting with HA-specific antibody.

Our results showed that for the G93L and G159L hPCFT mutants, substantial transport 

activity was preserved (35% and 69% of WT respectively; Figure 2, upper panel). Whereas 

transport for the other mutants was greatly diminished (particularly with the multiple leucine 

mutants), this was nonetheless significantly increased (5~15-fold; P < 0.01) over the low 

residual level measured in hPCFT-null R1-11 cells. Transport activity of the leucine 

replacement mutant proteins closely correlated with hPCFT protein levels in crude (Figure 

2, middle panel) and surface (Figure 2, lower panel) membrane fractions, implying that the 

loss of transport function was probably due to impaired hPCFT trafficking and/or stability. 

On Western blots, both WT and mutant hPCFT proteins migrated as broad glycosylated 

species with unglycosylated bands at ~45 kDa. TMD GXXXG motifs were previously 

reported to serve critical roles in maintaining stability of the human organic anion 

transporter 1 [34]. The results with leucine-substitution mutants contrast with the 

corresponding glycine-to-alanine replacements at Gly93 and Gly97, as reported by Zhao et 

al. [21] and as shown in Supplementary Figure S1 for G93A, G97A, G155A and G159A, for 

which expression and transport were largely preserved, although the G93A/G97A/G155A/

G159A mutant was substantially impaired.

Analogous results were obtained for ECFP*-tagged WT and mutant hPCFT constructs based 

on wthPCFT–ECFP* [18] in terms of relative transport activities (Figure 3A, upper panel) 

and hPCFT protein expression (Figure 3A, lower panels, shows Western blotting results for 

a crude membrane fraction analogous to that in Figure 2 probed with PCFT or GFP 

antibodies). By confocal microscopy, protein trafficking to the plasma membrane for 
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ECFP*-tagged WT, G93L and G159L hPCFTs was detected; however, for the G97L, G93L/

G97L, G155L, G155L/G159L and G93L/G97L/G155L/G159L ECFP*-tagged mutants, 

fluorescence was mostly intracellular (Figure 3B), confirming a major effect on intracellular 

trafficking to the membrane surface.

Role of G93XXXG97 and G155XXXG159 motifs in hPCFT oligomerization

An important goal of our study was to test whether leucine-for-glycine replacements in the 

GXXXG motifs in TMD2 (G93XXXG97) and TMD4 (G155XXXG159) impacted hPCFT 

oligomerization, given previous reports of a role of GXXXG motifs in membrane protein 

oligomerization [37–43]. If so, this would implicate these regions as structurally important 

for forming hPCFT oligomers. We previously used Ni2+-chelating chromatography to assay 

associations between co-expressed Myc-His10 and HA-tagged hPCFT monomers [18]. In 

the present study, we used this approach to study associations between co-expressed Myc-

HA-tagged hPCFT (Figure 2) and FLAG/Myc-His10-tagged hPCFT [18], including both 

WT and glycine-to-leucine mutant proteins. Again, the mutant proteins included single 

(G93L, G97L, G155L, G159L) and multiple (G93L/G97L, G155L/G159L, G93L/G97L/

G155L/G159L) leucine-for-glycine replacements. WT and mutant FLAGhPCFTMyc-his10 

proteins were characterized for their transport activity (Figure 4A, upper panel) and 

membrane expression (Figure 4A, lower panel) which generally paralleled results with Myc-

HA-tagged hPCFT forms (Figure 2).

We first studied co-associations for individual glycine-to-leucine mutants by Ni2+ chelating 

chromatography (i.e., HisSpinTrap™) using co-expressed (hPCFTMyc-HA 

plus FLAGhPCFTMyc-His10) constructs for each form. WT hPCFT constructs were included 

as controls. As additional controls, single transfectants (hPCFTMyc-HA 

or FLAGhPCFTMyc-His10 for each form) were individually expressed and mixed together just 

prior to chromatography (labelled ‘mix’ in Figure 4B). Total cell proteins were solubilized 

with 1% n-dodecyl-β-D-maltoside, followed by fractionation on HisSpinTrap™ affinity 

columns and Western blot analysis with epitope-specific antibodies. When extracts from 

singly transfected samples of WT or mutant proteins were mixed just prior to 

chromatography, only the FLAGhPCFTMyc-His10 proteins (but not hPCFTMyc-HA) bound to 

the columns (Figure 4B, lanes 2, 4, 6, 8, 10, 12, 14, 16). When wtFLAGhPCFTMyc-His10 and 

wthPCFTMyc-HA proteins were co-expressed in R1-11 cells, both forms were retained on the 

nickel columns and were detected with FLAG and HA antibodies, respectively (Figure 4B, 

lane 3). Analogous results were obtained for the individual glycine-to-leucine mutants 

(Figure 4B, lanes 5, 7, 9, 11, 13, 15 and 17). Thus, glycine-to-leucine mutations of hPCFT 

GXXXG motifs did not interfere with co-associations between individual mutant proteins.

We tested the associations between FLAG/Myc-His10-tagged WT hPCFT and the individual 

Myc-HA-tagged glycine-to-leucine mutants in co-expression experiments with R1-11 cells, 

followed by Ni2+ chromatography (Figure 4C). We co-expressed wtFLAGhPCFTMyc-His10 

and wthPCFTMyc-HA proteins as a positive control (lanes 2 and 3). For the mutants co-

expressed with WT hPCFT, again both FLAG/Myc-His10-tagged WT and Myc-HA tagged 

glycine-to-leucine mutant proteins were retained on the nickel columns (Figure 4C, lanes 5, 

7, 9, 11, 13, 15 and 17) and none of the Myc-HA-tagged glycine-to-leucine mutant proteins 
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were detected in the ‘mixed’ samples (Figure 4C, lanes 4, 6, 8, 10, 12, 14 and 16). These 

results establish that the glycine-to-leucine GXXXG mutations in TMD2 and TMD4 do not 

interfere with associations between WT and mutant monomers.

We extended our studies of hPCFT oligomerization in situ by FRET. Since the association 

between monomeric hPCFT molecules showed a preferential (‘head-to-tail’) orientation 

[18], we used N-terminal YPet- and C-terminal-ECFP*-tagged (above) WT and GXXXG 

glycine-to-leucine mutant constructs for these experiments. The YPet-tagged hPCFT 

mutants expressed in R1-11 cells showed similar patterns of [3H]Mtx transport and hPCFT 

expression to the Myc-HA-tagged and ECFT*-tagged hPCFT proteins (compare 

Supplementary Figure S2 and Figures 2 and 3A).

To measure FRET, R1-11 cells were co-transfected with YPet-and ECFP*-tagged WT or 

glycine-to-leucine mutant constructs. As controls, cells were transfected with combined 

YPet and ECFP* constructs (negative control) and with an YPet-ECFP* tandem construct 

(positive control). Sensitized emission FRET was used and images were collected in the 

FRET channel and corrected for fluorescence bleed-through. Representative FRET images 

are shown in Figure 5. Calculated FRET values of both test samples and controls are 

represented using a pseudo colour-scale. Figure 5 shows FRET for the YPet–ECFP* positive 

control (B), the YPet–hPCFT WT plus hPCFT–ECFP* WT (C) and for all glycine-to-

leucine mutant (D–J) constructs, at levels far exceeding that for the YPet plus ECFP* 

negative control (a). This establishes close proximity (within 100 Å) of the fluorescent-

tagged hPCFT monomers of the glycine-to-leucine mutants. For the YPet- and ECFP*-

tagged WT and the G93L and G159L mutant constructs, the majority of FRET was 

unambiguously localized to the cell surface. However, there was appreciable intracellular 

FRET for other glycine-to-leucine mutants, consistent with the intracellular association 

between hPCFT monomers and findings of intracellular hPCFT by indirect 

immunofluorescence staining (Figure 3B). These results strongly support the notion that 

hPCFT oligomers of glycine-to-leucine mutants form in situ. Since FRET was detected for 

both surface and intracellular glycine-to-leucine mutants, it was very likely that 

oligomerization of hPCFT is not required for surface targeting.

TMDs 3 and 6 form a boundary between monomeric hPCFT

A role for Cys229 (in TMD6) in hPCFT oligomerization was previously implied from the 

finding that mutation of Cys229 to serine abolished cross-linking with MTS-1-MTS [21]. 

Using GlpT as a template [49] and based on published studies for hPCFT [20–24,26–

28,30,52], we generated a 3D homology model for monomeric hPCFT in which TMDs 1, 2, 

4, 5, 7, 8, 10 and 11 comprise an aqueous transmembrane pathway, flanked by TMDs 3, 6, 9 

and 12 (Figures 6A and 6B). With MDOCK modelling [51] of this hPCFT monomer 

structure, a dimeric hPCFT structure was predicted (Figure 6C) with juxtaposed TMDs 2, 3, 

4 and 6 as structural interfaces between hPCFT monomers, analogous to other oligomeric 

MFS proteins [53–55].

To begin to test this model and to extend the published results of Zhao et al. [21], we 

inserted cysteine residues into a clhPCFTHA background [30] from positions 115–137 

spanning TMD3 and from positions 213–236 spanning TMD6. Individual cysteine mutant 
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constructs were transfected into R1-11 cells and after 48 h, transfected cells were assayed 

for hPCFT protein levels in crude membranes by SDS/PAGE and Western blotting (Figures 

7A and 7B, lower panels) and for transport at pH 5.5 with [3H]Mtx (0.5 μM) (Figure 7A and 

B, upper panels). Most of the cysteine-insertion mutants preserved substantial transport 

activity and only G123C, V130C, E232C and T233C were functionally inert (<2-fold 

increased over R1-11 cells; noted with asterisks in Figures 7A and 7B).

The active cysteine mutants in TMDs 3 and 6 were cross-linked with MTS-6-MTS cross-

linker and analysed on Western blots. Cys229-hPCFT formed cross-links, as reflected in 

slowly migrating high molecular mass (~90 kDa) hPCFT species not seen with clhPCFTHA 

or non-cross-linked S229C (Figure 7C, upper panel). Distinct cross-linked species were also 

formed for the Q136C and L137C mutants in TMD3 (Figure 7C, middle panel) and for the 

W213C, L214C, L224C, A227C, F228C, F230C and G231C hPCFT mutants in TMD6 

(Figure 7C, lower panel). Again, no similar higher molecular mass species were detected in 

the absence of cross-linker (Figures 7A and 7B, lower panels).

These results establish the proximities between vicinal residues localized in the exofacial 

end of TMD3 and in the exofacial and cytosolic ends of TMD6, consistent with the notion 

that these stretches of amino acids form structural interfaces between hPCFT monomers, as 

suggested by the molecular model in Figure 6(C).

CONCLUSIONS

hPCFT forms homo-oligomers that are functionally important [18]. In the present study, we 

systematically interrogated potential structural determinants of hPCFT monomer 

associations in the formation of hPCFT oligomers. Putative GXXXG dimerization motifs 

were identified in TMDs 2 and 4 of hPCFT and published cross-linking results previously 

implied an important role for TMD6 in forming a critical interface between hPCFT 

monomers [21].

We used leucine-for-glycine replacements at Gly93, Gly97, Gly155 and Gly159 which should 

disrupt the putative GXXXG motifs if they were structurally or functionally important. This 

resulted in substantial losses of transport activity for many of the mutants (for G97L, G93L/

G97L, G155L, G155L/G159L and G93L/G97L/G155L/G159L), although G93L and G159L 

retained substantial transport function compared with WT hPCFT. For most of the glycine-

to-leucine mutants, losses of transport were accompanied by dramatically decreased levels 

of hPCFT protein including both total membrane and surface hPCFT. This suggests that the 

principal role for the GXXXGs in TMDs 2 and 4 of hPCFT is to facilitate intramolecular 

packing and protein stability of transmembrane α helices analogous to other transporters 

[34–36]. However, there was no evidence that disruption of G93XXXG97 or G155XXXG159 

motifs affected monomer associations in forming hPCFT oligomers by Ni2+-affinity 

chromatography and in situ FRET assays. With G93XXXG97 and G155XXXG159, the single 

glycine-to-alanine replacement mutants were all expressed and showed high levels of 

transport, although transport decreased somewhat for the multiple alanine mutants. These 

results indicate that alanine is able to replace glycine without appreciably interfering with 

protein function and would probably preserve analogous interactions between 
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transmembrane helices required for transport [34–36,56]. Our finding that Gly93 is unlikely 

to participate in hPCFT oligomerization is consistent with the finding that Gly93 and Phe94 

contribute to a substrate binding domain, based on results of substituted cysteine-

accessibility studies [30].

Our cross-linking results implicated TMDs 3 and 6 as forming critical monomer interfaces 

in homo-oligomeric hPCFT since homobifunctional cross-linking of cysteine-insertion 

mutants across these stretches established the proximities between these individual TMDs. 

These results directly support molecular modelling results which predict that TMDs 2, 3, 4 

and 6 form critical interfaces between hPCFT monomers. Based on these results, 

experiments are underway to further define the minimal determinants for hPCFT 

oligomerization. Identification of structural motifs or domains involved in hPCFT 

oligomerization may lead to novel approaches for therapeutically ‘rescuing’ functionally 

impaired hPCFT mutants or for enhancing surface expression of hPCFT in tumours treated 

with hPCFT-selective anti-folates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

cl cysteine-less

ECFP* enhanced cyan fluorescent protein with K26R/N164H mutation

HA haemagglutinin

hPCFT human PCFT

MFS major facilitator superfamily

MTS-1-MTS 1,1-methanediyl bismethanethiosulfonate

MTS-6-MTS 1,6-hexanediyl bismethanethiosulfonate

Mtx methotrexate

PCFT proton-coupled folate transporter

Pmx pemetrexed

Wilson et al. Page 11

Biochem J. Author manuscript; available in PMC 2016 January 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RFC reduced folate carrier

sulfo-NHS-SS-biotin sulfo-N-hydroxysuccinimide-SS-biotin

TMD transmembrane domain

WT wild-type

YPet FRET-optimized yellow fluorescent protein
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Figure 1. Schematic structure of hPCFT membrane topology and partial sequence alignment of 
PCFT homologues
(A) A topology model is shown for human PCFT, with 12 TMDs and internal N- and C-

termini. Glycines (at positions of 93, 97, 155 and 159) constituting GXXXG putative 

oligomerization motifs are shown as black circles. TMDs 3 (residues 115–137) and 6 

(residues 213–236) were implicated as forming PCFT oligomer interfaces in this study. (B) 

Alignment of sequence containing GXXXG motifs of PCFT homologues from different 

species is shown. The first such motif in hPCFT TMD2 (G93XXXG97) is more conserved 

than the motif in hPCFT TMD4 (G155XXXG159). Partial sequences of hPCFT TMD2 and 4 

that include GXXXG motifs are noted.
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Figure 2. Transport function and protein expression of glycine-to-leucine mutants of 
hPCFTMyc-HA

To investigate the role of the GXXXG motifs in hPCFT oligomerization, we mutated 

glycine-to-leucine to obtain single (G93L, G97L, G155L, G159L) or multiple (G93L/G97L, 

G155L/G159L, G93L/G97L/G155L/G159L) mutants, based on wthPCFTMyc-HA. hPCFT 

WT and glycine-to-leucine mutants were transiently transfected into hPCFT-null R1-11 

cells. Transfected cells were assayed for transport at pH 5.5 with [3H]Mtx (0.5 μM) for 2 

min at 37°C (upper panel). hPCFT protein expression was measured in crude membranes by 

SDS/PAGE and Western blotting with HA antibody (middle panel). hPCFT protein 

expression at the cell surface [labelled with sulfo-NHS-SS-biotin (0.25 mg/ml) and isolated 

on immobilized NeutrAvidin™ gel] was also measured and probed with HA antibody (lower 

panel). Na+/K+ ATPase was used as a loading control. The molecular mass markers for 
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SDS/PAGE are noted. Transport results are expressed relative to those for WT 

hPCFTMyc-HA and are reported as mean values ± standard errors from four independent 

experiments. The transport differences between non-transfected R1-11 cells and R1-11 cells 

transfected with WT and glycine-to-leucine mutant hPCFTs were statistically significant (*P 

< 0.01).
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Figure 3. Transport function and protein expression of WT glycine-to-leucine mutants of 
hPCFT–ECFP*
To localize the expression of WT and glycine-to-leucine mutant hPCFT proteins, we 

mutated glycine-to-leucine to obtain single (G93L, G97L, G155L, G159L) or multiple 

(G93L/G97L, G155L/G159L, G93L/G97L/G155L/G159L) mutants, based on wthPCFT-

ECFP*. (A) hPCFT WT and glycine-to-leucine mutants were transiently transfected into 

hPCFT-null R1-11 cells. Transfected cells were assayed for transport at pH 5.5 with 

[3H]Mtx (0.5 μM) for 2 min at 37°C (upper panel). hPCFT protein expression was measured 

in crude membranes by SDS/PAGE and Western blotting with hPCFT antibody (middle 

panel) or GFP antibody (lower panel). Na+/K+ ATPase was used as a loading control. The 

molecular mass markers for SDS/PAGE are noted (in kDa). Transport results are expressed 

relative to those for WT hPCFT–ECFP* and are reported as mean values ± standard errors 

from three independent experiments. The transport differences between non-transfected and 

transfected R1-11 cells with WT and glycine-to-leucine mutant hPCFTs were statistically 

significant (*P < 0.05). (B) Cells transfected with ECFP*-tagged WT and glycine-to-leucine 
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hPCFTs were incubated with CellMask™ Deep Red plasma membrane stain for 5 min 

before visualization with a Leica TCS SP5MP confocal microscope system using a 63× oil 

immersion lens. The excitation/emission is 649/666 nm for the plasma membrane stain and 

458/460–490 nm for ECFP*.
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Figure 4. Co-associations of hPCFT glycine-to-leucine mutants with themselves or with WT 
hPCFT protein by Ni2+-chelating affinity chromatography
To study the co-associations of hPCFT glycine-to-leucine mutants with themselves or with 

WT protein, we mutated glycine-to-leucine to obtain single (G93L, G97L, G155L, G159L) 

or multiple (G93L/G97L, G155L/G159L, G93L/G97L/G155L/G159L) mutants, based on 

wtFLAGhPCFTMyc-His10. (A) hPCFT WT and glycine-to-leucine FLAGhPCFTMyc-His10 

mutants were transiently transfected into hPCFT-null R1-11 cells. Transfected cells were 

assayed for transport at pH 5.5 with [3H]Mtx (0.5 μM) for 2 min at 37°C (left panel). hPCFT 

protein expression was measured in crude membranes by SDS/PAGE and Western blotting 

with FLAG antibody (right panel). Na+/K+ ATPase was used as a loading control. The 

molecular mass markers for SDS/PAGE are noted. Transport results are expressed relative 

to those for WT FLAGhPCFTMyc-His10 and are reported as mean values ± standard errors 

from five independent experiments. The transport differences between non-transfected and 
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transfected R1-11 with WT and glycine-to-leucine mutant hPCFTs were all statistically 

significant (*P < 0.05). (B and C) R1-11 cells were transfected with HA-tagged glycine-to-

leucine mutant, FLAG-Myc-His10-tagged mutant (B) and WT hPCFT constructs (C) 

together (lanes with odd numbers) or separately (lanes with even numbers). Whole-cell 

lysates (WCL) were analysed by Western blotting prior to (lower panel) or after 

fractionation on His SpinTrap™ columns (upper panel) to test for protein associations. In 

lanes with even numbers, aliquots from separate cell transfections were mixed and 

chromatographed. Columns were washed with buffer (pH = 7.4) containing 120 mM 

imidazole and bound proteins were eluted with 500 mM imidazole. β-Actin was used as a 

loading control.
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Figure 5. Co-association of hPCFT glycine-to-leucine mutant by FRET
Expression constructs for YPet plus ECFP* (negative control), YPet-ECFP* tandem 

(positive control), YPet–hPCFT WT plus hPCFT–ECFP* WT and YPet–hPCFT mutants 

plus their corresponding hPCFT–ECFP* mutant (test samples) constructs were transiently 

transfected into R1-11 cells. R1-11 cells were also singly transfected with YPet, ECFP*, 

YPet–hPCFT WT or mutant constructs and with hPCFT–ECFP* WT or mutant constructs as 

FRET controls (result not shown). Forty-eight hours post-transfection, YPet and ECFP* 

images were acquired on a Leica TCS SP5MP confocal microscope system and total donor 

(ECFP*), total acceptor (YPet) and sensitized FRET emissions (NET FRET) were 

calculated. Images collected in the FRET channel were calculated and representative images 

for each sample are shown. Calculated FRET values for both test samples and controls are 

represented using a pseudo colour scale.
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Figure 6. 3D homology models for hPCFT
(A and B) Using Robetta as a modelling platform with GlpT as template [49] and based on 

experimental results and bibliographic data mining, we generated a 3D homology model for 

monomeric hPCFT in which TMDs 1, 2, 4, 5, 7, 8, 10 and 11 comprise an aqueous 

transmembrane pathway, flanked by TMDs 3, 6, 9 and 12. (C) A molecular model is shown 

for dimeric hPCFT, predicted with MDOCK [51] and based on experimental data in the 

present study, as described in the text. The model predicts that TMDs 2, 3, 4 and 6 in hPCFT 

form critical structural interfaces between hPCFT monomers.
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Figure 7. MTS-6-MTS cross-linking of TMD3 and TMD6 cysteine-insertion mutants in cysteine-
less hPCFTHA

To characterize the transport function and protein expression of single-cysteine mutants of 

hPCFT, single-cysteine mutants of TMD3 (A) and TMD6 (B) were transiently transfected 

into hPCFT-null R1-11 cells. Transfected cells were assayed for transport at pH 5.5 with 

[3H]Mtx (0.5 μM) for 2 min at 37°C. hPCFT protein expression was measured in crude 

membranes by SDS/PAGE and Western blotting with HA-specific antibodies. β-Actin was 

used as a loading control. The molecular mass markers for SDS/PAGE are noted. Transport 

results are expressed relative to those for clhPCFTHA and are reported as mean values ± 

standard errors from two independent experiments. (C), Single cysteine mutants (HA-

tagged) of TMD6 (from positions 213–236) and TMD3 (from positions 115–137) in a 

clhPCFTHA background were transiently transfected into R1-11 cells and 48 h later cells 
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were treated with the MTS-6-MTS cross-linker (0.3 mM for 1 h on ice). clhPCFTHA and 

S229C hPCFTHA with and without cross-linker treatment were included as controls. Cells 

were harvested and membrane proteins were analysed on Westerns with anti-HA antibody. 

The hPCFT monomer migrates at ~45 kDa and cross-linked hPCFT migrates at ~90 kDa. 

The molecular mass markers for SDS/PAGE are noted.
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