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Abstract

Folates are essential nutrients with important roles as cofactors in one-carbon transfer reactions, 

being heavily utilized in the synthesis of nucleic acids and the metabolism of amino acids 

during cell division1,2. Mammals lack de novo folate synthesis pathways and thus rely on folate 

uptake from the extracellular milieu3. The human reduced folate carrier (hRFC, also known 

as SLC19A1) is the major importer of folates into the cell1,3, as well as chemotherapeutic 

agents such as methotrexate4–6. As an anion exchanger, RFC couples the import of folates and 

antifolates to anion export across the cell membrane and it is a major determinant in methotrexate 

(antifolate) sensitivity as genetic variants and its depletion exhibit drug resistance4–8. Despite 

its importance, the molecular basis of substrate specificity by hRFC remains unclear. Here we 

present cryo-electron microscopy structures of hRFC, in the apo state and captured in complex 

with methotrexate. Combined with molecular dynamics simulations and functional experiments, 

our study uncovers key determinants of hRFC transport selectivity amongst folates and antifolate 

drugs while shedding light on important features of anion recognition by hRFC.

Knockout of the gene enconding the reduced folate carrier (RFC) is embryonic lethal 

in mice9, and dysfunction of RFC contributes to many disorders associated with folate 

deficiency, such as megaloblastic anemia10, fetal abnormalities, cardiovascular disorders 

and cancer11,12. Human RFC (hRFC) has been implicated as a critical target for 

chemotherapeutics as well as being a prognostic indicator owing to the increased demands 
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for folates exhibited by rapidly dividing tumor cells4. Studies have unequivocally shown that 

RFC is the determinant for methotrexate and related antifolate sensitivity in tumor cells4,6–8. 

Further, as antifolate chemotherapies such as methotrexate (MTX), pemetrexed (PMX), 

pralatrexate (PDX) and raltitrexed (TDX) are readily transported by RFC, adaptations 

through mutations in RFC have led to several cases of drug resistance4,5,7,12,13, while 

single-nucleotide polymorphisms (SNPs) or reduced expression of SLC19A1 alters drug 

responses13,14. More recently, RFC has also been implicated as an important transporter of 

immunomodulatory cyclic dinucleotides, such as 2’3’-cGAMP, which activate the STING 

pathway15,16. Augmenting RFC expression has also been identified as a potential measure 

to increase folate levels in the brain in cases of folate deficiency17. This expands the 

involvement of RFC to cancer immunotherapy, the host-pathogen response and treatment of 

neurometabolic disorders15–17.

RFC is a member of the solute carrier 19 family (SLC19) of transporters which conform 

to the major facilitator superfamily (MFS) fold3,18. SLC19 has three members (A1-A3); 

SLC19A1 (RFC) exchanges anions, whereas SLC19A2 and A3 (ThTr1 and ThTr2, 

respectively) are organic cation carriers for thiamine19. SLC19A1 is a bidirectional folate 

exchanger with similar efflux and influx Michaelis constants for anion transport (Kt)20. 

The import of folates by RFC is powered by the counter transport of organic anions 

including thiamine mono- and pyro-phosphates (TMP and TPP), for which there is a high 

transmembrane potential21,22. Although SLC19A1 exhibits a strong preference for folates 

and antifolates, it is broadly specific for a variety of anions, both organic (nucleotides 

and thiamine phosphates) and inorganic (chloride and phosphate), that act as lower affinity 

counter substrates. While the function and importance of RFC has been explored since the 

1960s, its structural basis for folate and antifolate specificity as well as anion exchange 

has not been elucidated12. On the other hand, the proton coupled folate transporter (PCFT), 

the second route by which folates are taken up by the cell, is also considered a target 

for antifolate chemotherapeutics23,24. The recent pemetrexed (PMX)-bound PCFT structure 

provides the molecular basis of antifolate recognition by this transporter25. Identifying the 

nature of the ligand binding site in hRFC through structural studies and comparing with 

PCFT would help immensely for the development of optimized therapeutics and overcoming 

drug-resistant cancers.

Structural elucidation

Xenopus laevis oocytes expressing wild type (WT) hRFC exhibit time-dependent 

accumulation of 3H-MTX (Fig. 1a), with uptake sensitive to competition by extracellular 

organic anions such as cGAMP (Fig. 1b). Further, this uptake is completely inhibited 

by the anti-rheumatic drug sulfasalazine, a known hRFC inhibitor26 (Fig. 1b). Human 

RFC is approximately 60 kDa in size and lacks any rigid extramembrane domains, so 

a fiducial marker is required for successful single particle 3D reconstruction. Instead of 

utilizing a monoclonal antibody or nanobody25,27, we replaced a short segment of the 

disordered loop connecting transmembrane helices (TMs) 6 and 7 (residues 215–241) with 

the engineered apocytochrome b562 variant BRIL28 to enable cryo-electron microscopy 

(cryo-EM) analysis (Supplementary Fig. 1 and Extended Data Fig. 1a). In X. laevis oocytes 

the resulting construct, hRFCEM, exhibits surface expression levels and mediates chloride-
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sensitive uptake of MTX to levels comparable with WT (Fig. 1c)21. Both WT and hRFCEM 

exhibit MTX Kt values of ~1 μM (Fig. 1d), consistent with previous reports for the WT 

carrier20,22. We first obtained a cryo-EM reconstruction of hRFCEM prepared in the presence 

of MTX to 3.8 Å resolution (Extended Data Fig. 2, and Extended Data Table 1). We term 

this structure hRFCEM. The final reconstruction features weak signal for the apparently 

flexible BRIL domain (Extended Data Figure 2c), therefore the utility of BRIL as a fiducial 

during particle alignment is unclear. Unfortunately, we failed to observe cryo-EM density 

within the central cavity corresponding to MTX. We therefore solved the true apo structure 

of hRFC (termed Apo hRFCEM) to 3.6 Å (Extended Data Fig. 3a–d and Extended Data 

Table 1). Comparing hRFCEM ± MTX maps and models (Cα r.m.s.d. of 0.1 Å) indicates the 

structures are essentially identical (Extended Data Fig. 3e–f). While there are weak densities 

in roughly the same position within the cavity in both of these 3D reconstructions (Extended 

Data Fig. 3g), whether these peaks represent signal or noise is unclear. Considering their 

presence in both ligand-added and apo conditions, assignment is currently not possible.

We reasoned that there are three possibilities explaining the absence of a defined MTX 

density in hRFCEM. First, MTX uptake activity is reduced by extracellular chloride (Fig. 

1c), so chloride in the purification buffers likely hinders MTX binding to purified hRFCEM 

in vitro. Second, being able to accommodate a range of substrates, RFC may bind MTX 

quite dynamically within the cavity, broadening and weakening substrate density in the 

cryo-EM maps. Finally, as RFC is an exchanger, the substrates may exhibit high off rates 

in the conformation captured by cryo-EM. As a case in point, the crystal structure of the 

arginine transporter AdiC in complex with arginine required a mutation that stabilized ligand 

binding29.

For the above reasons an alternative approach was required, especially because the 

purified protein exhibited a lack of tolerance for reduced salt concentrations. N-

Hydroxysuccinimide-conjugated MTX (NHS-MTX) is a reagent reported to inhibit hRFC 

specifically and irreversibly through covalent modification of K41130–32. Cell membranes 

containing overexpressed hRFCEM were thoroughly washed in a low anion buffer then 

treated with NHS-MTX, after which typical ionic conditions (150 mM NaCl) were 

restored for detergent extraction and subsequent purification. Spectral analysis of the 

resulting purified hRFCEM treated with NHS-MTX indicated a labelling ratio of 1:1.1 

for hRFCEM:MTX (Extended Data Fig. 1c). We then solved the structure of NHS-MTX 

treated hRFCEM to 3.3 Å overall resolution, (Fig. 1e, Extended Data Fig. 4a–d, Extended 

Data Table 1). The cryo-EM density corresponding to MTX in the focused maps is of 

good quality and facilitated unambiguous ligand placement (Fig. 1f). We term this structure 

hRFCEM-MTX.

Environment of the central cavity

hRFC exhibits a canonical MFS transporter fold, where all three hRFCEM structures adopt 

an inward facing conformation (Fig. 2a). Features unique to the hRFC fold include broken 

helices at TM1, TM4, and TM7 which line the central cavity in which MTX binds. Notably, 

the middle of TM1 features an unstructured region of approximately eight residues in 

length (Fig. 2a). The central cavity is highly conserved and consists of two regions of 
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distinct surface electrostatics (Fig. 2b). More proximal to the intracellular matrix are charged 

residues R42, R133, R157, R373 and K411, which contribute to a highly electropositive 

surface potential. Distal to the cavity opening are residues E45, E123 and D310, which 

contribute to the apparent electronegative surface potential at this site (Fig. 2c). We therefore 

term these central cavity regions the “electropositive ring” and “electronegative pocket”, 

respectively. Mutants of select charged residues were assessed for MTX uptake activity 

in oocytes, most of which exhibited reduced or abolished activity relative to WT hRFC. 

In particular, E123, R133, R157 and R373 are highly sensitive to charge perturbation, as 

their substitutions to alanine resulted in little to no detectable MTX uptake activity above 

background (Fig. 2d). There is an absolute requirement for arginine at position 157, as 

little to no activity was detected for either alanine or lysine substitutions (Fig. 2d). Oocyte 

surface expression was confirmed for these particular hRFC mutants (Fig. 2d). Residues 

R42, E45, D310 and K411 appear to exhibit less strict charge requirements, although charge 

elimination or substitution at these positions affects MTX uptake. Taken in concert with 

previous mutagenesis studies18,32,33, our data highlights the functional importance of the 

unique chemical environment of the hRFC central cavity.

MTX recognition by hRFC

MTX occupies the central cavity of hRFCEM and is physically connected to the transporter 

through an amide covalent linkage, containing δ-carbon and ε-oxygen atoms of the L-

glutamate moiety (L-Glu) of MTX, and the ζ-nitrogen of transporter residue K411 (Fig. 3a). 

MTX comprises three groups: a pteridine ring, p-aminobenzoate (PABA) and L-Glu (Fig. 

3b). Binding within the electropositive ring of hRFC, the MTX L-Glu moiety contacts TM4 

via residue R133, through a close interaction with the ⍺-carboxylate (Fig. 3a,b). Indeed, 

R133A substitution completely abolishes uptake activity (Fig. 2d) and previous work has 

demonstrated the importance of the MTX α-carboxylate for hRFC-mediated uptake32. When 

comparing the hRFCEM-MTX and Apo hRFCEM structures, there are subtle conformational 

changes centered at R133, which appear to be induced by MTX occupancy (Extended Data 

Fig. 4e–g). Additionally, A132 is located in this broken portion of TM4, a position that is 

mutated to proline in an MTX-resistant murine cell line (Extended Data Fig. 5, Extended 

Data Table 2), further implying the functional importance of this region34.

Proximal to the electronegative pocket, the PABA group of MTX is clasped by residues 

Y126, M130 and Y286. The pteridine ring of MTX, further toward the extracellular side, 

is bound within the electronegative pocket where it interacts closely with elements of the 

partially unwound TM1, including E45, I48 and T49 (Fig. 3a, b). In particular, E123 forms 

a tight interaction (~3Å) with the pteridine ring of MTX. We mutated residues within these 

regions of the structure and found that many impact drug uptake (Fig. 3c). E123 appears 

most critical, as substitution to alanine completely abolished uptake activity, while the 

conservative mutation to aspartate partially restored activity (Fig. 2d).

Selectivity determinants of drug uptake

A hallmark functional feature of hRFC mediated uptake is its preference for reduced folates 

and antifolate drugs over vitamin B9 (folate; FOL) and other anionic compounds (Fig. 3d). 
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The many folate substrates of hRFC predominately vary in identity of the heterocyclic 

ring. Often, a pterin or pteridine ring is found at this position, as in MTX, with exceptions 

including the pyrrolopyrimidine ring in PMX (Fig. 3e). While ring position 4 (C4) is a 

carbonyl in pterins, pteridines feature an amine here. Further, reduced folates and FOL differ 

in the pterin oxidation state at ring positions 5–8 (Fig. 3e).

In the hRFCEM-MTX structure, the partially unwound TM1 is stabilized by a salt bridge 

formed by residues R42 and E45 (Fig. 3f), along with a direct contact with W107 of TM3 

(Extended Data Fig. 5). The overall conformation of TM1 positions I48 in direct contact 

with atom positions 5–8 of the pteridine ring, which are aromatic (Fig. 3f). The pteridine 

ring is also in close proximity to E123, which has a critical role in MTX recognition 

and transport (Fig. 2d, 3a,f). Based on these findings (Fig. 3a,f) and the fact that one 

major difference amongst folates, reduced folates, and antifolate drugs is the identity of the 

chemical moiety analogous to the MTX pteridine (Fig. 3e), we considered that I48 and E123 

are important contributors to the folate and antifolate drug selectivity preferences exhibited 

by hRFC. We found that I48F substitution substantially shifted the selectivity compared to 

WT or Y126A in cold competition assays, as evident from the reduced block by unlabelled 

folinate (LEC, racemic) and PMX (Fig. 3g). E123A is non-functional for MTX uptake and 

so was not assessed in these experiments. These data confirm the structural observation that, 

while Y126 interacts with chemical features largely shared across different folates (PABA), 

I48 contacts a position on the substrate that is more variable across folates and antifolate 

drugs (pteridine/pterin) (Fig. 3e). The specificities exhibited by hRFC between different 

folates and antifolate drugs therefore appear largely dictated by the properties of the 

electronegative pocket. Accordantly, previous studies show that substitutions at E45 exhibit 

a side-chain size dependence in substrate preference and turnover of RFC12, indicating some 

steric requirement in substrate selectivity. This may be via direct contact with substrate 

or ensuring correct placement of I48 over the pteridine ring by maintaining the partially 

unwound TM1 helix — a site of numerous variants, including G44E, G44R, E45K, S46I, 

S46N, and I48F/W107G11,35–42 (Extended Data Fig. 5 and Extended Data Table 2).

Dynamics of MTX and anion binding

To gain insights into the dynamics of MTX binding to hRFC, we pursued unrestrained 

all-atom molecular dynamics (MD) simulations of hRFC in a 1-palmitoyl-2-oleoyl-sn-

phosphatidylcholine (POPC) membrane and solvated with 150 mM KCl (Extended Data 

Fig. 6a). As a control, 1 μs simulations were performed in n=5 replicates using the 

hRFCEM-MTX structure as a starting point. The pose of covalently linked MTX remained 

stable during the simulations (Extended Data Fig. 6b, Supplementary Video 1). Next, we 

removed the covalent bond between the MTX γ-carboxylate and K411 in the hRFCEM-

MTX structure and simulated over n=5 replicates of 2 μs each (Extended Data Fig. 6c). 

While the pteridine remains statically bound in the electronegative cavity (Extended Data 

Fig. 6c,d), the L-Glu moiety is highly dynamic within the electropositive cavity of hRFC 

(Fig. 4a, Extended Data Fig. 6c). Specifically, the anionic L-Glu group interacts with the 

three highly conserved and functionally important arginines (R133, R157 and R373), which 

we term the arginine triad (Fig. 4a, Extended Data Fig. 6e, Supplementary Video 2).
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We analyzed the distance distributions between the centers-of-mass (COM) for the α- or 

γ- carboxylates of MTX to the arginine guanidiniums and found that R133 and R157 

make the closest contacts, with R373 making numerous, but more distant interactions (Fig. 

4b). Although R157 is located towards the cytoplasmic entrance of the cavity, it is highly 

dynamic and can interact with the γ-carboxylate (Fig. 4a). The shorter chain of lysine at this 

position would weaken the interaction with the MTX carboxylates, consistent with R157K 

being nonfunctional (Fig. 2d). This highlights a previously unknown critical function of 

R157.

We also analyzed the distances between the unrestrained MTX L-Glu (calculated as 

the center of mass of the 6 atoms comprising the two carboxylates) to each arginine 

guanidinium (Fig. 4c). Distances of L-Glu to R133 form a gaussian distribution, but not 

for R157 nor R373, indicating a central role for R133 in MTX L-Glu stabilization, acting 

like a vertex or central pivot in the arginine triad.

We also docked the more recently discovered antifolate PT52343,44 according to our MTX 

structure and ran n=5 MD simulations to ascertain binding stability (Extended Data Fig. 

6f–h, Supplementary Video 3). PT523 is an MTX derivative modified heavily around the 

γ-carboxylate. Similar to the unlinked MTX simulations, PT523 remains stably bound in the 

hRFC central cavity, liganded by E123 and the arginine triad, but exhibits conformational 

heterogeneity in the modified L-Glu moiety. This leads to an often simultaneous interaction 

with all three arginines, providing a plausible explanation for its >10-fold greater affinity 

over MTX, as well as explaining the length sensitivity of the modification (Extended Data 

Fig. 6h, Supplementary Video 3)43,44. More notably, it is known that hRFC functionally 

tolerates modifications of the γ-carboxylate of MTX but not of α-carboxylate32. The 

binding pose of PT523 demonstrates that modifications to the γ-carboxylate can extend 

down the spacious electropositive ring of hRFC, whereas the α-carboxylate is not free 

to do so without compromising stable pteridine binding interactions. We caution that this 

is a highly putative binding mode for PT523 – the initially placed PT523 used for MD 

simulations is one of many possibilities.

To probe general anion binding to hRFC, MD simulations were conducted of hRFCEM in 

the presence of KCl but without MTX. The chloride probability density was highest within 

the electropositive ring between R133 and R373 (Fig. 4d), with R133 and R157 making the 

closest contacts (Fig. 4e), similar to MTX carboxylate binding. The more diffuse density 

around R157 reflects greater anion mobility in this region, indicating a role for R157 in 

drawing anionic species into the cavity (Fig. 4d). These data therefore suggest an important 

role for the arginine triad in substrate binding.

RFC is unique in the SLC19 family as it is the only member to transport anions, 

whereas SLC19A2 and A3 are cation carriers responsible for thiamine uptake19. The main 

differences in the highly conserved cavity (~70% similarity) are the charge conversions of 

R133E and K411Q (Extended Data Fig. 7a). Based on APBS surface electrostatics, R133E 

is sufficient to substantially shift the electrostatic environment of the central cavity from 

electropositive to electronegative, with K411Q having only a slight impact (Extended Data 

Fig. 7b). MD simulations of R133E hRFC show that chloride occupancy in the central 
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cavity near the electropositive ring is eliminated (Extended Data Fig. 7c). Further mutating 

towards the cation exchangers (K411Q, R373K, K393M) potassium ions can occupy the 

electronegative pocket (Extended Data Fig. 7c). This reveals a potential mechanism for 

substrate selectivity within the SLC19 family, where the residue at position 133 (R or E) is 

largely responsible for tuning the cavity electrostatics.

Implications for rational drug design

RFC is critical for sensitivity to MTX, a therapeutic that has found use not only in 

the treatment of cancers6 but also as an anti-inflammatory agent for rheumatoid arthritis, 

psoriasis, and inflammatory bowel disease26,45,46. PCFT is particularly active in the solid 

tumor micro-environment due to its acidic pH optimum and is also a target for antifolate 

chemotherapeutics23,24. Selective targeting of RFC or PCFT via designer drugs would 

facilitate more effective treatments while mitigating toxic off-target effects47. We therefore 

compared MTX-labeled hRFC with the PMX-bound PCFT structure25, in which PMX is 

bound in an alternate orientation with respect to the transporter (Extended Data Fig. 8a). 

First, the pyrrolopyrimidine of PMX is stabilized extensively by hydrogen bonds, whereas 

the pteridine of MTX is stabilized primarily by E123 (through the C4-amine) with an 

apparent H-bonding contribution from T49 and van der Waals interactions from I48 and 

Y126. This lack of many specific interactions likely explains why RFC can bind compounds 

with a variety of amine-rich heterocyclic headgroups. Interestingly, I48 of hRFC and L196 

of PCFT (I188 in the human protein) interact similarly with their respective substrates, with 

both appearing critical for substrate specificity and affinity48. Second, PCFT binds the linker 

benzene ring of PMX via a π-stacking interaction with a phenylalanine (Extended Data Fig. 

8b), whereas MTX is simply closely packed into RFC by aromatic residues like Y126 and 

Y286 (Fig. 3b). Indeed, modifying this particular moiety in PMX and related compounds 

results in their selective uptake by folate receptors and PCFT over RFC, indicating a 

size requirement of this drug moiety in RFC substrates47,49. Third, the L-Glu of PMX is 

stabilized via the γ-carboxylate within the “selectivity pocket” of PCFT25. On the basis of 

our cryo-EM structure and MD simulations, RFC appears to interact more closely with the 

⍺-carboxylate of MTX instead, which is in line with previous studies32 (Extended Data Fig. 

8c). The dynamic nature of MTX binding inferred from MD simulations suggests a role for 

the arginine triad in flexibly interacting with the L-Glu moiety, with the γ-carboxylate being 

flexibly accommodated by either R133 or R157 and with modifications to the γ-carboxylate, 

as in PT523, being accommodated within the spacious cavity. Selectively targeting one 

folate carrier over the other could therefore rely on modification of either glutamate 

carboxylates, the length of the PABA linker region and/or the nature of the polycyclic 

headgroup. Comparing drug binding between structures in two different conformations, 

however, has limitations and probably provides only part of the picture with regard to 

drug interactions. Regardless, the current structural, computational, and functional data of 

hRFC and PCFT provide an initial framework for the rational design of improved antifolate 

therapeutics in the treatment of a wide variety of cancers and autoimmune disorders.
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Discussion

Using cryo-EM, we captured the human RFC structure in an MTX bound inward-facing 

state. Because of competition with anionic buffer components, transient exchanger-substrate 

interactions or the dynamic nature of MTX binding to hRFC, we relied on covalent linkage 

of MTX to hRFC, on the basis of decades of biochemical and cellular studies on the NHS-

MTX reagent30–32. We acknowledge that the covalently linked MTX binding pose presented 

in this study cannot represent the entire ensemble of MTX binding conformations in hRFC. 

To overcome this limitation, we used MD simulations of unlinked MTX to obtain insights on 

MTX dynamics in hRFC. Together with our structure- and simulation-guided mutagenesis 

studies, as well as previous functional studies, we highlight several key features of folate, 

antifolate drug, and anion recognition by hRFC. Adopting an MFS fold, RFC contains a 

spacious, highly polarized cavity in which a plethora of folates and antifolate drugs can 

bind. Like other MFS transporters, RFC is expected to transport substrate according to the 

“rocker switch” mechanism of alternating access to the intracellular and extracellular sides 

of the membrane (Fig. 4f)50, for which the unusual non-helical portion of TM1 probably 

has a role. The electropositive extracellular surface of hRFC and the membrane in the 

resting state may facilitate initial anion binding in the outward-facing state (Figs. 2b and 4f). 

During the transition from the outward to inward open states, the arginine triad stabilizes 

substrate binding, with the highly flexible R157 probably assisting with anion exchange in 

the inward open conformation. While our structural, functional, and computational data have 

yielded rich insights into MTX and anion recognition by hRFC, interrogation of alternate 

conformations is needed to fully understand the mechanism of folate and antifolate drug 

transport by this important protein.

Materials and Methods

Oocyte radiotracer uptake assays
3H-MTX was purchased from American Radiolabeled Chemicals or Moravek. 

Defolliculated oocytes from Xenopus laevis were purchased from Ecocyte Bioscience. 

cDNAs corresponding to full length WT hRFC or hRFCEM were transferred into the pGEM-

HE vector. Mutants of WT hRFC were generated by site-directed mutagenesis (PfuTurbo, 

Agilent). DNA template for in vitro transcription reactions (mMESSAGE mMACHINE T7 

Transcription kit, Invitrogen) were generated by SbfI linearization of pGEM-HE clones. 

Oocytes were injected with 30 ng cRNA, or equal volume water for background control. 

Expression was carried out at 17°C for 3–4 days in ND-96 solution (20 mM HEPES, 96 

mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 100 U mL−1 penicillin-streptomycin, 

pH 7.4). All uptake assays were carried out at room temperature. Oocytes were combined 

in batches of 5 per reaction vessel and briefly pre-washed with RFC uptake buffer (20 

mM HEPES, 225 mM sucrose, pH 6.8 with MgO) to remove residual anion leftover from 

the ND-96 solution. Uptake was initiated by replacement of RFC uptake buffer with 200 

μL assay buffer containing 3H-MTX. Oocyte batches were harvested after 30 minutes 

unless otherwise noted, and rapidly washed with 4 × 2.0 mL ND-96 buffer. The oocytes 

were then transferred to scintillation vials containing 500 μL 10% SDS and incubated 

overnight for complete lysis and solubilization. 5.0 mL liquid scintillation fluid (EcoLume, 
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MP Biomedicals) was added, and samples were subjected to liquid scintillation counting. 
3H-MTX was used at specific radioactivities of 1 – 29.7 Ci mmol−1. For assessment of 

mutant activity relative to WT (Fig. 2d, 3d), 3H-MTX concentrations of 0.5–1.0 μM were 

used. For cold competition by select mutants, uptake of 0.5 μM 3H-MTX was measured 

in the presence or absence of 5 μM cold competitor (Fig. 3h). Values presented in in Fig. 

2c and 3d were from individual biological replicates background corrected and normalized 

using the average signal from water injected and WT hRFC injected controls from each 

assay date. All graphical representations of data from uptake assays in this study were 

prepared in Prism 8.

Surface expression analysis of hRFC, hRFCEM, and nonfunctional mutants

cRNA and oocyte injection were performed as described in the preceding section. Surface 

biotinylation was conducted as previously described with the following modifications53. 

Batches of 15–35 oocytes were biotinylated for 15 min at 25°C in 0.5 mL of 10 mM 

triethanolamine (pH 9.0), 150 mM NaCl, 2 mM CaCl2 and 2 mg mL−1 EZ-link Sulfo-NHS-

SS-biotin (Thermo Scientific) then quenched with 1 M Tris-HCl (pH 8.0) and washed in 

ND-96 containing 192 mM glycine and 25 mM Tris-HCl (pH 8.0). Oocytes were solubilized 

in 50 μL oocyte−1 of lysis buffer (40 mM DDM, 50 mM Tris-HCl (pH 8.0), 150 mM 

NaCl, 5 mM EDTA, 10 μg mL−1 each of aprotinin, leupeptin and pepstatin, 2 mg mL−1 

iodoacetamide, and 0.2 mM PMSF) for 1 h at 4°C. Clarified lysates were incubated 

overnight with 50 μL Neutravidin high-capacity resin (Pierce) at 4°C, washed thrice 

with 500 mM NaCl lysis buffer then eluted with 35 μL of 4x SDS-PAGE sample buffer 

(BioRad) containing 100 mM dithiothreitol. Following SDS-PAGE (Genscript), protein was 

transferred onto 0.45 μm PVDF membranes, blocked with 5% bovine serum albumin in 

TBS and probed with 1,000x diluted monoclonal mouse anti-FLAG M2 antibody (Sigma 

Aldrich), then 10,000x polyclonal goat mouse IgG HRP-conjugated antibody (Rockland) 

and detected using the SuperSignal™ West Pico PLUS reagent kit (Thermo Fisher). 

Uncropped blots from the main figures can be found in Supplementary Fig. 2.

Synthesis of N-hydroxysuccinimide ester of methotrexate (NHS-MTX)

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDCI) was purchased 

from Chem-Impex (Wood Dale, IL, USA). N-Hydroxysuccinimide (NHS) was purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Methotrexate was purchased from Santa 

Cruz Biotechnology (Dallas, TX, USA). Deuterated dimethyl sulfoxide (DMSO-d6) was 

purchased from Cambridge Isotope Laboratories (Andover, MA, USA). All 1H NMR spectra 

were recorded with a Bruker 500 (500 MHz) spectrometer at 25°C and calibrated to the 

residual isotopomer solvent signal (DMSO-d6: δ = 2.50 ppm). The N-hydroxysuccinimide 

ester of methotrexate (NHS-MTX) was synthesized as follows54. MTX (16.0 mg, 0.035 

mmol) was treated with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDCI, 10.1 mg, 0.053 mmol) in deuterated dimethyl sulfoxide (DMSO-d6, 1.5 mL). The 

resulting reaction mixture was stirred for 5 min at 25°C. N-Hydroxysuccinimide (NHS, 6.1 

mg, 0.053 mmol) was added and the resulting reaction mixture was stirred for 1 h at 25°C. 

The reaction was monitored by 1H NMR. After completion, the reaction mixture was used in 

biological assays without further purification.
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Construct design, expression, and purification of hRFCEM

All hRFC constructs were cloned into the pEG-BacMam vector55 as a fusion with C-

terminal mEGFP and a FLAG-6xHis tag, with a protease cleavable linker (PreScission) 

between transporter and EGFP. Constructs were pre-screened with fluorescence size-

exclusion chromatography (FSEC)55 to assess detergent solution behavior. A loop truncation 

of TM6–7 was identified which retained good FSEC behavior (Δ215–241) – we replaced 

these residues with bacterial apo cytochrome b562 (BRIL)28, yielding hRFCEM (~75 

kDa) (Extended Data Fig. 1a). Baculovirus was generated as previously described55, and 

amplified to P3. Cultures of HEK293S GnTI−/− (300–600 mL) were grown in Freestyle 

293 media to cell densities of 2–3 million mL−1 and infected with 6% P3 baculovirus. 

Following growth at 37°C, 8% CO2, 80% humidity for 16 h, 10 mM sodium butyrate was 

added to enhance protein expression. The temperature was then dropped to 30°C and the 

culture incubated for an additional 48 h. Cells were harvested at 2,000 rpm, 4°C for 10 

mins and resuspended in 50 mM Tris-HCl (pH 8.0) and 150 mM NaCl to 4–5 mL g−1 (cell 

wet weight) then supplemented with 10 μg mL−1 aprotinin, 10 μg mL−1 pepstatin, 0.2 mM 

PMSF, 2 mg mL−1 iodoacetamide, bovine DNAseI. The cell suspension was probe sonicated 

on ice thrice using 30 pulses with 1 min breaks on ice. Extraction was initiated by adding 

40 mM of solid n-dodecyl-β-D-maltopyranoside (DDM) (Anatrace) directly to the lysate 

and incubated at 4°C with gentle agitation for 1 h. Insoluble debris was then pelleted at 

16,000 rpm, 4°C, 30 min and the clarified lysate was incubated with 3 mL of anti-FLAG 

M2 resin for 1 h at 4°C with gentle agitation. The resin was gently pelleted at 2,000g, 10 

min, 4°C, transferred to a gravity-flow column casing and washed with 5 column volumes 

(CV) of 20 mM Tris-HCl (pH 8.0), 550 mM NaCl, 1 mM DDM then 5 CV of 20 mM 

Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM DDM. Protein was eluted with 5 CV of wash 

buffer 2 supplemented with 0.2 mg mL−1 FLAG peptide. Following concentration of the 

eluent ~5-fold with a 50 kDa MWCO spin concentrator, the concentrate was supplemented 

with 1 mM DTT and 20:1 (w/w) of PreScission Protease and incubated at 4°C for 2 h 

with gentle rotation to cleave off the GFP-FLAG-10xHis from the C-terminus of hRFCEM. 

The eluent was then further concentrated to ~ 500 μL and injected onto a Superdex 200 

Increase (Cytiva) gel filtration column equilibrated in 20 mM Tris-HCl (pH 8.0), 150 mM 

NaCl, 0.08% digitonin (Sigma-Aldrich). In order to ensure complete detergent exchange, 

peak fractions were then collected, re-concentrated to ~500 μL and re-injected onto the 

same column (Extended Data Fig. 1b). The two peak fractions were concentrated to ~4–5 

mg mL−1 (A280) then immediately used for grid preparation. SDS-PAGE analysis of the 

resulting protein confirmed the purity of the protein. Note that many transporters, including 

hRFC, are prone to aggregation in SDS-PAGE running buffer irrespective of their detergent 

solution stability, hence the laddering effect seen on the SDS-PAGE in Extended Data Fig. 

1b.

Preparation and characterization of hRFC-MTX

In order to prepare effectively labeled hRFCEM with NHS-MTX (Extended Data Fig. 1c), 

elimination of chloride was necessary. In order to ensure protein stability, labelling was 

therefore conducted on washed membranes. Following cell harvest and lysis by probe 

sonication, membranes were washed in labelling buffer (20 mM HEPES, 225 mM sucrose, 

pH 6.8 with MgO). Membranes were then extensively homogenized in 0.4 g (starting cell 
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wet wt) mL−1 labelling buffer, then labelled in the presence of 0.3 mM NHS-MTX at 37°C 

for 30 min at 100 rpm shaking. Membranes were then pelleted and resuspended in 50 

mM Tris-HCl (pH 8.0), 150 mM NaCl and protein extraction and purification proceeded 

as described above for the non-labelled protein, except that PreScission protease treatment 

proceeded overnight at 4°C. The final purified protein was then characterized by SDS-PAGE 

and labelling stoichiometry determined by UV-vis spectrophotometric (Nanodrop 2000c) 

deconvolution using (1) (Extended Data Fig. 1c)56.

C = A STS −1ST (1)

Where C is the column matrix of the concentrations of hRFC and MTX for hRFC-MTX, 

the ratio of which yields the labelling stoichiometry. A is the column matrix of the observed 

hRFC-MTX spectrum and S is the column matrix for the reference spectra of MTX and 

hRFC. All spectra were baseline corrected at 340 nm. Typically, we observed labelling 

ratios of MTX:hRFCEM between 1 and 2, the superstoichiometric labelling attributed to 

non-specific labelling of surface-exposed lysines or the protein amino terminus.

CryoEM grid preparation and data collection

Following gel filtration and concentration, the hRFCEM sample was incubated at 4°C for 

2 h with 2 mM MTX (2% DMSO final concentration), although no MTX density was 

observed in the final reconstruction. The Apo hRFCEM and hRFCEM-MTX samples were 

directly used for grid preparation following a ~30 min centrifugation at 16,900g, at 4°C, 

with 2% DMSO added immediately before grid freezing. In both cases, 3 μL of sample was 

applied and incubated for 60 s on freshly glow discharged UltrAufoil R1.2/1.3 300 mesh 

grids (Quantifoil) then blotted with a Leica EM GP2 plunge freezing station for 1.5 or 2 s at 

4°C, 85% humidity before plunge freezing into liquid ethane. One dataset was collected for 

hRFCEM on Quantifoil R1.2/1.3 300 Au mesh grids (Quantifoil), for which blotting lasted 3 

s.

Datasets for hRFCEM, Apo hRFCEM and hRFCEM-MTX were collected on a Titan Krios 

transmission electron microscope (Thermo Fisher) operating at 300 kV equipped with a K3 

detector (Gatan) in counting mode with BioQuantum GIF energy filter (20 eV slit width), 

using the Latitude-S (Gatan) single particle data-acquisition program. Data was collected 

at a magnification of 81,000X with a pixel size of 1.08 Å at the specimen level. For the 

hRFCEM and hRFCEM-MTX datasets, movies contained 60 frames with a 4.6 s exposure 

time and a dose rate of ~15 e— pixel−1 s−1, for a total accumulated dose of ~60 e— Å−2. 

For the Apo hRFCEM dataset, movies contained 40 frames with a 2.3s exposure time and 

a dose rate of ~30 e— pixel−1 s−1, for a total accumulated dose of ~60 e— Å−2. The 

nominal defocus values were set from −0.8 to −1.8 μm. One dataset was collected for Apo 

hRFCEM while five and four datasets from multiple preparation sessions were collected for 

hRFCEM-MTX and hRFCEM, respectively.

Cryo-electron microscopy data processing

hRFCEM—Beam-induced motion correction and dose-weighting were performed with 

MotionCor257. Corrected micrographs from datasets A, B, C and D (corresponding to 
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3,731, 3,521, 9,159 and 4,591 initial movies, respectively) were then imported into 

cryoSPARC58 for contrast transfer function (CTF) estimation with CTFFIND459, and 

micrographs exhibiting lower than 5 Å estimated CTF resolution were discarded. Particle 

picking was performed with Template Picker in cryoSPARC. Particles were then extracted 

with a 64-pixel 4x binned box size at 4.32 Å/pixel and subjected to 2D-classification to 

throw away obvious junk. A total of 4,538,955 particles were then subjected to classification 

via cryoSPARC ab initio reconstruction. This classification consisted of 2 rounds of 2-

class ab initio reconstruction jobs (default settings except: initial minibatch size=150, final 

minibatch size=600, class similarity=0), in which particles corresponding to the better 3D 

volume from the first round was used as an input for the second round. Owing to the fact 

small membrane proteins exhibit low signal-to-noise levels, we found 3D classifications to 

perform poorly. To address this and retain more good particles throughout classifications, 

three parallel classifications were performed, and the good classes from the second ab initio 
jobs were combined and duplicate particles were removed prior to the next round of ab initio 
reconstruction classifications. The aforementioned procedure was then iteratively performed, 

in which initial and maximum alignment resolution settings were gradually increased each 

classification run (see Extended Fig. 3a for details). Good particles corresponding to classes 

showing clear protein features were re-extracted with a 2x binned 100-pixel box size at 

2.16 Å/pixel after the first classification run. In the fourth run of ab initio reconstruction 

classifications, four rounds of ab initio were performed per replicate. The good resulting 

3D volume from each of the three replicates were combined for a total of 298,876 particles 

(after removing duplicates) and transferred to RELION60,61 for k=1 3D classification, gold-

standard refinement in 3D auto-refine with a tight transmembrane domain (TMD) mask 

(0.5° local angular search), and Bayesian polishing, followed by non-uniform refinement 

and local refinement in cryoSPARC, which yielded a reconstruction to 3.8 Å resolution. To 

improve map quality, local resolution estimation and local filtering were applied to the final 

reconstruction, with a map sharpening B-factor of −120.

Apo hRFCEM—Beam-induced motion correction and dose-weighting were performed with 

MotionCor257. Motion corrected micrographs originating from a single imaging session 

(12,201 movies initially) were then imported into cryoSPARC58 for CTF estimation with 

CTFFIND459, and micrographs exhibiting lower than 5 Å estimated CTF resolution were 

discarded. Particle picking was performed with Template Picker in cryoSPARC. Particles 

were then extracted with a 64-pixel 4x binned box size at 4.32 Å/pixel and subjected to 2D-

classification to throw away obvious junk. A total of 2,536,392 particles were then subjected 

to the 3D classification protocol (described earlier for hRFCEM), which resulted in 138,522 

good particles. The clean particle stack was re-extracted with a 200-pixel box size at 1.08 Å/

pixel and subjected to non-uniform refinement in cryoSPARC (default settings except: initial 

reference was low pass filtered to 12 Å, minimize over per-particle scale enabled, 5 extra 

final passes). The particles were transferred to RELION60,61 and gold-standard refinement in 

3D auto-refine with a tight TMD mask (0.9° local angular search) was performed, followed 

by Bayesian polishing. The shiny particles were re-imported into cryoSPARC and subjected 

to non-uniform refinement, and rounds of CTF refinement and local refinements (Ext. Data 

Fig. 4a). The final reconstruction is of good quality, with a cryoSPARC reported resolution 
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of 3.6 Å (Ext. Data Fig. 4b–d). To improve map quality, local resolution estimation and local 

filtering were applied to the final reconstruction, with a map sharpening B-factor of −75.

hRFCEM-MTX—Beam-induced motion correction and dose-weighting were performed 

with MotionCor257. Corrected micrographs were then imported into cryoSPARC58 for 

CTF estimation with CTFFIND459. Micrographs exhibiting lower than 5 Å estimated CTF 

resolution were discarded. Curated micrographs originating from datasets A, B, C (initially 

consisting of 7,007, 6,349, 2,608 movies, respectively), were processed first. Particles from 

template picking were extracted with a 4x binning resulting in a 64-pixel box size at 4.32 

Å/pixel and subjected to 2D-classification to throw away obvious junk particles. After 2D-

classification cleanup, 2,882,398 particles were subjected to the 3D classification protocol 

(described earlier for hRFCEM), which resulted in 248,804 good particles. Template picking, 

2D classification, and ab initio 3D classification were then repeated on datasets A, B, C, 

and D in combination (dataset D initially consisting of 3,317 movies), resulting in 291,421 

good particles. These two particle stacks were combined, duplicates were removed, and 

re-extracted with a 200-pixel box size at 1.08 Å/pixel, resulting in 501,313 good particles. 

The particles were then subjected to 3 rounds of non-uniform refinement in cryoSPARC, 

using a good 3D-volume from an earlier ab initio as a 3D reference (default settings except: 

initial reference was low pass filtered to 12 Å, minimize over per-particle scale enabled, 5 

extra final passes). Local refinement was then performed using a tight TMD mask, followed 

by particle stack transfer to RELION60,61 and gold-standard refinement in 3D auto-refine 

with a tight TMD mask (0.5° local angular search), followed by Bayesian polishing. The 

resulting shiny particles were then subjected to a masked 3D-classificaiton with no image 

alignment (k=5, t=12), which resulted in a single class of 331,064 particles exhibiting 

higher resolution features. Dataset E (from 6,226 initial movies) was processed separately. 

Good micrographs were subjected to template picking, 2D classification and ab initio 3D 

classification, resulting in 161,057 good particles, which were combined with the 331,064 

stack from earlier processing, resulting in 492,117 total particles. This particle set was 

subjected to rounds of non-uniform refinement, Bayesian polishing, CTF refinement and 

local refinements, yielding a final reconstruction of 3.3 Å resolution (Extended Data Figure 

4a–d). To improve map quality, local resolution estimation and local filtering were applied to 

the final reconstruction, with a map sharpening B-factor of −53.6.

Model building and refinement

All model building was performed in Coot with ideal geometry restraints62. An initial 

model was built de novo into an early 3D reconstruction of hRFCEM. This model was 

then manually placed and rigid body fit into the hRFCEM-MTX map, and further manual 

model building and adjustments were performed. The restraints for ligand were generated as 

follows: an isomeric SMILES string for methotrexate modified lysine was used as an input 

in eLBOW (in the Phenix software suite)63. The atom identifiers corresponding to lysine 

in the restraint files were then manually edited for appropriate recognition as part of the 

protein chain in Coot. Further manual adjustments of the ligand restraint file were performed 

to ensure correct stereochemistry and good geometries. Ligand placement and incorporation 

into the protein chain at hRFCEM position 411 was performed with real-space refinements 

in Coot. Real_space_refinement jobs were then carried out in Phenix63 after model building, 
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with global minimization, local grid search and secondary structure restraints. Molprobity64 

assisted in identifying problematic regions (http://molprobity.biochem.duke.edu). Model 

building and refinement were performed in a similar manner for Apo hRFCEM. Owing 

to the higher resolution and quality of the Apo hRFCEM reconstruction relative to the initial 

hRFCEM reconstruction, coordinates after real-space refinement against the Apo hRFCEM 

data were placed into the final hRFCEM maps, and minor adjustments were made prior to 

running a final real_space_refinement job in Phenix63.

Conservation analysis with Consurf

Conservation within the hRFC cavity was analyzed using the Consurf server52 and 

visualized with PyMOL. hRFCEM was used as an input structure and a manually curated 

MAFFT65 sequence alignment of 251 SLC19A1 sequences retrieved from a PSI-BLAST66 

of a non-redundant sequence database with less than 90% sequence identity.

Molecular Dynamics Simulations

Simulation system preparation—Apo hRFC, non-covalently bound hRFC-MTX and 

PT523 simulation systems were prepared using CHARMM-GUI67. The following force 

fields were used for all-atom MD simulations: ff19SB for protein68, generalized Amber 

force field (GAFF) 2.2 for ligand69, and Lipid17 for lipid. In each system, hRFC protein 

was embedded in a POPC bilayer solvated by 0.15 M KCl solution with TIP3P water model 

(Extended Data Fig. 6a)70. For the comparison, a complex system with MTX covalently 

bound to K411 was prepared using LEaP and the non-covalently bound hRFC-MTX system. 

GAFF2.2 was used to parametrize covalently bound MTX-lysine. Extended Data Table 3 

summarizes the simulation system information.

Molecular dynamics simulation protocol

MD simulations were performed with pmemd.cuda module of AMBER20 using the 

simulation system and input files generated by CHARMM-GUI71–75. All systems were 

minimized for 5000 steps, of which the first 2500 steps used the steepest descent method, 

and the following 2500 steps used the conjugated gradient method. Equilibrations with weak 

restraints were conducted prior to running production MD, following standard CHARMM-

GUI membrane equilibration steps67. Pressure was regulated by semi-isotropic Monte-Carlo 

(MC) barostat with a pressure relaxation time of 1.0 ps for those equilibration steps with 

NPT (constant particle number, pressure and temperature) ensemble. All the production MD 

simulations were performed in the NPT ensemble at 310 K and 1 atm. The weak restraints 

(0.1 kcal mol−1 Å−2) were applied to protein for the first 10 ns production MD simulations; 

see the simulation production time of each system in Extended Data Table 3. The hydrogen 

mass repartitioning scheme was applied for all systems, which permits a timestep of 4 

fs76,77. All bond lengths involving hydrogens were constrained using SHAKE algorithm. 

Long-range electrostatics in solution were treated with the particle mesh Ewald method, and 

the van der Waals interactions were calculated with a cutoff distance of 9.0 Å78,79.

To measure the distance between MTX and three crucial arginine residues (R133, R157, 

and R373), we used the center-of-mass of NH1, NH2, and CZ atoms in each arginine 

and the center-of-mass of α- and γ-carboxylates (COO−) in MTX. To explore the relative 
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significance of α- and γ-carboxylates in MTX binding, we also measured the distance of 

α- or γ-carboxylate to each arginine residue separately. CPPTRAJ was used for trajectory 

analysis, and an ion density map was generated with Chimera80,81. VMD was used for the 

visualization82.

Drug-resistance associated mutation mapping

Previously reported drug resistance associated mutations were mapped onto the hRFCEM-

MTX structure (Extended Data Fig. 5). In addition to the drug resistance-associated 

mutations discussed in the main text because of their close proximity to the MTX binding 

site, the following mutants were also included in this analysis: D56H, L143P, A147V, 

R148G, S301N, and D522N (Extended Data Table 2)83–85.

Extended Data

Extended Data Fig. 1 |. Protein biochemistry, NHS-MTX protein modification and cryo-EM 
analysis of hRFCEM
a, Topology diagram of hRFCEM used for structural elucidation. b, Representative gel-

filtration profile for the final purification step and representative SDS-PAGE analysis 

(Coomassie stained) of purified protein used for cryo-EM grid preparation. Protein laddering 

during SDS-PAGE is common for small membrane proteins, with degree of non-specific 

oligomerization denoted by the number of asterisks (* monomer, ** dimer, *** trimer, **** 

tetramer). This purification is performed routinely with very similar results, reliably yielding 
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pure and biochemically stable protein sample. c, Characterization of MTX modification 

of RFC by NHS-MTX. A representative spectral deconvolution of the MTX-RFC UV-vis 

spectrum into MTX and pure unlabeled RFC yields a labelling ratio of 1.1:1 MTX:RFC 

(graph prepared in Prism 8). d, Cryo-EM micrograph for hRFCEM sample (of representative 

quality for all collected cryo-EM data reported in this study) and 2D-classes of hRFCEM.

Extended Data Fig. 2 |. Cryo-EM data processing of hRFCEM
a, Processing workflow for hRFCEM. b, Phenix and cryoSPARC reported Fourier shell 

correlations, and particle angular distribution for the final focused map. c, Local resolution 

analysis. d, Cryo-EM density corresponding to hRFCEM TM1–12 (map threshold = 0.20).
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Extended Data Fig. 3 |. Cryo-EM data processing of Apo hRFCEM
a, Processing workflow for Apo hRFCEM. b, Phenix and cryoSPARC reported Fourier shell 

correlations, and particle angular distribution for the final map. c, Local resolution analysis. 

d, Cryo-EM density corresponding to Apo hRFCEM TM1–12 (map threshold = 0.25). e, 

Structural superposition of the final refined coordinates for apo hRFCEM and hRFCEM 

f, Overlay of the final cryo-EM reconstructions (sharpened maps) for apo hRFCEM and 

hRFCEM (final coordinates for apo hRFCEM shown for reference, hRFCEM map resampled 

relative to the Apo hRFCEM map, with map threshold shown at 0.3). g, Weak, spurious 

cryo-EM density in the transporter central cavity present in both apo hRFCEM and hRFCEM 

sharpened maps (Map threshold shown at 0.15 for apo hRFCEM, 0.10 for hRFCEM).
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Extended Data Fig. 4 |. Cryo-EM data processing of hRFCEM-MTX
a, Processing workflow for MTX modified hRFCEM b, Fourier shell correlation and 

particle angular distribution for the final reconstruction c, Local resolution analysis of the 

final reconstruction at two different map thresholds d, Cryo-EM density corresponding 

to hRFCEM-MTX TM1–12 (map threshold = 0.2). e, Structural superposition of the final 

refined coordinates for apo hRFCEM (grey) and hRFCEM-MTX (blue), highlighting apparent 

ligand induced changes in the TM4 conformational state f, Cryo-EM density corresponding 

to R133 in the apo hRFCEM and hRFCEM-MTX reconstructions (hRFCEM map resampled 

relative to the hRFCEM-MTX map, with map threshold shown at 0.1) g, Ribbon depiction of 

superposed structures.
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Extended Data Fig. 5 |. Human disease and drug resistance associated mutations in hRFC
Mapping of clinically relevant mutations of full-length RFC11,35–42,83–85 onto the hRFCEM-

MTX structure fall into two general regions. MTX-resistance associated mutations observed 

in tumor samples (red), in cell lines (green), or observed in both tumors and in cell lines 

(blue). The putative position of the megaloblastic anemia-associated mutation of ΔPhe212 is 

shown in purple as the model only extends to residue 211. Other residues not resolved in the 

structure are listed in parenthesis in the legend.
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Extended Data Fig. 6 |. MD simulations of hRFCEM with MTX and PT523
A, The all-atom molecular dynamics system setup for MTX-bound hRFC embedded in 

a POPC membrane and solvated with 150 mM KCl (Extended Data Table 3). hRFC is 

shown in cartoon, the N- and C- terminal domains colored in blue and yellow, respectively. 

MTX is shown as sticks, in pink. Lipids are depicted as spheres with glycerol-palmitoyl 

and -oleoyl groups colored gray, phosphates in orange, and choline in green. Red and blue 

spheres represent Cl− and K+, respectively. b, Timecourse traces for n=5 replicates for MD 

simulations of MTX-K411 hRFC (MD system “MTX-LYS”). c, Timecourse traces for n=5 

replicates for MD simulations of hRFC with unlinked MTX (MD system “MTX”). For b 

and c, distances from the MTX N4 to E123 carboxylate center-of-mass (blue), and the L-Glu 

center-of-mass of MTX to Arg guanidiniums (R133, red; R157, purple; R373, cyan), are 
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plotted as a function of time. d, Histogram plot of MTX N4 to E123 distances over n = 5 

replicates. e. Histogram plots of MTX α- and γ- carboxylates to Arg guanidiniums over n 
= 5 replicates. f-h, MD simulations of PT523 docked into hRFC f, Chemical structure of 

PT523 compared to MTX with the structural difference highlighted in red. g, the cryo-EM 

structure of MTX-labelled hRFC versus the MD simulation of docked PT523 (MD system 

“PT523”), with snapshots taken at 500 ns for n = 5 replicates. h, Snapshots from an MD 

simulation of docked PT523 sampled at various timepoints.

Extended Data Fig. 7 |. Evolutionary determinants of ion selectivity within the SLC19 family
a, Select regions of a multiple sequence alignment of hSLC19A1, hSLC19A2, hSLC19A3. 

Numbering consistent with sequence position for hSLC19A1 b,The mutational effects of 

R133E and K411Q on the surface electrostatics of hRFCEM by APBS51 calculations in 

PyMOL. c, Ion probability densities from MD simulations of hRFCEM with and without 

in silico introduced mutants, becoming gradually more thiamine transporter-2 (hSLC19A3) 

like. Simulations performed in the presence of 150 mM KCl, with a threshold value of 25 

shown for chloride or potassium for each simulation.
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Extended Data Fig. 8 |. Antifolate drug recognition by human RFC and chicken proton-coupled 
folate transporter (PCFT)
a, Surface representation of the cavities for inward-facing hRFCEM-MTX and outward-

facing pemetrexed (PMX)-bound PCFT. The orientation flip of the drugs in the cavities 

is highlighted by labelling the chemical groups. b, Chemical structure and immediate 

coordinating environment for MTX and PMX, with hydrogen bonds shown as red dashed 

lines and charged interactions highlighted by denoting charges. ⍺- and γ- carboxylates 

are highlighted based on their extent of interactions in either system. c, The electrostatic 

environment of MTX and PMX as calculated by APBS59 of the hRFCEM-MTX and PCFT, 

respectively. Residues from b are shown as sticks with the anion binding site of RFC and 

selectivity pocket of PCFT as denoted.
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Extended Data Table 1 |

Cryo-EM data collection, refinement and validation statistics

hRFCEM-MTX
(EMDB-26155)
(PDB 7TX6)

hRFCEM
(EMDB-26156)
(PDB 7TX7)

Apo hRFCEM
(EMDB-27394)
(PDB 8DEP)

Data collection and processing

Magnification 81,000 81,000 81,000

Voltage (kV) 300 300 300

Electron exposure (e–/Å2) 60 60 60

Defocus range (μm) −0.8 to −1.8 −0.8 to −1.8 −0.8 to −1.8

Pixel size (Å) 1.08 1.08 1.08

Symmetry imposed CI CI CI

Initial particle images (no.) 9,098,387 4,538,955 2,536,392

Final particle images (no.) 492,117 298,876 138,522

Map resolution (Å) 3.3 3.8 3.6

 FSC threshold 0.143 0.143 0.143

Refinement

Initial model used (PDB code) 7TX7 (hRFCEM) none 7TX7 (hRFCEM)

Map sharpening B factor (Å2) −53.6 −120.0 −75.0

Model composition

 Non-hydrogen atoms 3,169 3,203 3,223

 Protein residues 397 397 398

 Ligands AJP: 1, MTX: 1 AJP: 4 AJP: 4

B factors (Å2)

 Protein 81.36 116.42 108.42

 Ligand 82.37 113.43 117.98

R.m.s. deviations

 Bond lengths (Å) 0.005 0.003 0.003

 Bond angles (°) 0.870 0.965 0.976

Validation

 MolProbity score 1.48 1.32 1.28

 Clashscorc 5.44 5.80 5.28

 Poor rotamers (%) 0.63 0.00 0.65

Ramachandran plot

 Favored (%) 96.93 98.22 99.49

 Allowed (%) 3.07 1.78 0.51

 Disallowed (%) 0.00 0.00 0.00

Extended Data Table 2 |

MTX and antifolate resistance mutations in RFC

Residue Variants Patient / Cell Line Derivation Reference

S4 P Osteosarcoma patients ref11
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Residue Variants Patient / Cell Line Derivation Reference

A7 V Osteosarcoma patients ref11

E21 K Osteosarcoma patients ref11

R27 H Common coincident variant in osteosarcoma patients and cell lines ref11

V29 L Human cell line ref41

G44
E Murine cell line ref35

R Human cell lines ref36

E45 K Murine and human cell lines ref38–41

S46
I Human cell line ref41

N Murine cell line, osteosarcoma patients ref11,42

I48 F Murine cell line ref37

D56 H Acute lymphoblastic leukemia patients ref84

W107 (105 mouse) G Murine cell line ref37

A132 (130 mouse) P Murine cell line ref34

L143 P Human cell line ref83

A147 V Human cell line ref83

R148 G Human cell line ref83

F212 del Megaloblastic anemia patients ref10

S301 (297 mouse) N Murine cell line ref85

D522 N Acute lymphoblastic leukemia patients ref84

Extended Data Table 3 |

Simulation system information

System Name Mutation Number of atoms Replicas Simulation time (μs)

Apo

WT 142,640 3 1.0

R133E 142,180 3 1.0

R133E+K411Q 143,714 3 1.0

R133E+R373K+K411Q 142,085 3 1.0

R133E+K393M+K411Q 143,777 3 1.2

R133E+R373K+K393M+K411Q 142,219 3 1.2

MTX WT 143,572 5 2.0

MTX-LYS WT 143,560 5 1.0

PT523 WT 143,245 5 0.7

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 |. Structure of the human reduced folate carrier in complex with MTX
a, Time-dependent accumulation of 1.0 μM 3H-MTX in Xenopus laevis oocytes injected 

with WT hRFC cRNA or water (n=6 biological replicates, individual measurements shown). 

b, Cold-competition of WT hRFC mediated 3H-MTX uptake (50 nM in 30 minutes) 

by cyclic dinucleotide 3’,3’-GMP-AMP (cGAMP) or sulfasalazine (SSZ; n=3 biological 

replicates, shown as individual measurements and mean ± s.e.m.). c, Accumulation of 1.0 

μM 3H-MTX into oocytes expressing WT hRFC or hRFCEM (EM) in 30 min, with relative 

oocyte membrane expression levels from surface biotinylation, immunoprecipitation and 

western blot analysis (representative blot shown; n=6 biological replicates for the uptake 

assay with individual measurements and mean ± s.e.m. shown. Average signal in water 

injected controls was used for background correction, average signal in WT (−) NaCl 

Wright et al. Page 31

Nature. Author manuscript; available in PMC 2023 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



condition was used for normalization). Uncropped blots shown in Supplementary Fig. 2. d, 

Kt curve for 3H-MTX uptake into oocytes expressing WT hRFC in 30 min (n=3 biological 

replicates, individual values shown. Uptake measurements were background corrected using 

water injected controls and normalized to the average measurement in the 30 μM condition 

for each construct). e, 3.3 Å resolution cryo-EM reconstruction of MTX-modified hRFC, 

with the transporter N-domain shown in blue, C-domain shown in gold, and detergent 

micelle shown at a lower map threshold in transparent grey for reference (map threshold 

shown at 0.4 for transporter, 0.1 for detergent micelle). f, Cryo-EM volume corresponding 

to MTX in the transporter central cavity (two map thresholds shown; dark blue=0.1, light 

blue=0.05).
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Figure 2 |. Transporter architecture and chemical environment of the hRFC central cavity
a, Overall structure of NHS-MTX modified hRFC, with bent helices TM1, TM4 and 

TM7 highlighted at right. b, Electrostatic surface of the central cavity shown at left, 

with conservation analysis of the cavity lining residues shown at right (electrostatics 

calculated by APBS51, conservation levels determined with ConSurf52 with detailed 

description in Methods). c, Charged residues within the central cavity. d, 3H-MTX uptake 

activity of charged residue mutations of interest, background corrected and relative to 

WT (individual values and mean ± s.e.m., with n biological replicates per condition 

shown in parenthesis). Inset for relative oocyte membrane expression levels from surface 

biotinylation, immunoprecipitation and western blot analysis (representative blots shown). 

Uncropped blots shown in Supplementary Fig. 2.
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Figure 3 |. Structural determinants of folate and antifolate drug recognition by hRFC
a, Detailed transporter-MTX interactions within the central cavity. b, Ligplot schematic 

of MTX-transporter interactions, with key chemical positions labeled. c, 3H-MTX uptake 

activity for mutants of select MTX proximal residues, background corrected and relative 

to WT (individual values and mean ± s.e.m., with n biological replicates per condition 

shown in parenthesis) d, Cold competition of select folates and antifolate drugs against 100 

nM 3H-MTX uptake in oocytes (n=3 biological replicates, individual measurements shown) 

e, Chemical structures of select antifolate drugs and folates, with key differences circled 

in blue (heterocyclic head group) or red (linker region). The 6-S-enantiomer of LEC and 

5MTHF is shown. f, Structural features of the electronegative pocket, and with important 

interactions with methotrexate highlighted. g, Cold competition of 3H-MTX uptake by 

various folates and antifolate drugs, for WT, I48F and Y126A hRFC, background corrected 

and normalized to the positive control (n=3 biological replicates, with individual values and 

mean ± s.e.m shown). See Methods for compound concentrations.
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Figure 4 |. Dynamics and transport of methotrexate and anions by hRFC
a, Representative snapshots for MD simulations of MTX binding to hRFC sampled from a 

representative replicate at regular intervals of 500 ns. The arginine triad, E123 and MTX 

are depicted as sticks. The α- and γ- carboxylates of MTX are indicated by green and grey 

spheres, respectively. b, Distance histograms from the α- or γ- carboxylates of MTX to 

the arginine triad for the MTX bound hRFC MD simulations (over all n = 5 replicates). 

c, Distance histogram for the center-of-mass of the MTX glutamate moiety to the arginine 

triad. d, Wild type hRFC simulations showing chloride probability densities carved at four 

different thresholds where the value of 150 is equivalent to a sigma level of 69 (frames 

summed over n = 3 replicate simulations of 1 μs). e, Histograms of distance from chloride to 

the arginine triad from the hRFC MD simulations. The vertical dashed line at 5Å indicates a 

threshold for close interaction. f, Hypothetical mechanism for anion exchange and transport 

by hRFC, highlighting the roles played by the arginine triad and E123. The ramp denotes the 

transmembrane thiamine phosphate concentration gradient that drives folate and antifolate 

uptake.
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