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Folate is an essential vitamin (B9) that plays a critical role in cellular metabolism as the 18 

starting point in the synthesis of nucleic acids, amino acids and the universal methylating 19 

agent S-adenylsmethionine1,2. Folate deficiency is associated with numerous 20 

developmental, cardiovascular and neurological disorders3. Mammals cannot synthesise 21 

folates de novo; therefore, several systems have evolved to uptake folates from the diet 22 

and distribute these within the body4. The proton-coupled folate transporter (PCFT) is 23 

responsible for folate uptake across the intestinal brush border membrane and the 24 

blood-brain barrier5 and an important route for antifolate delivery in cancer 25 

chemotherapy6,7. How PCFT recognizes folates or antifolates however is currently 26 

unclear. Here we present the cryo-EM structures of PCFT in both substrate-free and 27 

pemetrexed-bound states. Our results provide a structural basis for understanding 28 
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antifolate recognition and provide insights into the pH regulated mechanism of cellular 29 

folate uptake. 30 

Folate must be acquired from the diet, either through the ingestion of green leafy 31 

vegetables, lentils and liver, or more commonly through fortification of wheat with folic acid, a 32 

synthetic folate2. In 2006 the World Health Organization published guidelines to help countries 33 

set targets for folic acid fortification of wheat-based food products to reduce neural tube 34 

defects during pregnancy and increase the levels of folic acid in the general population8. Folate 35 

functions as a coenzyme in one-carbon transfer reactions required for the synthesis of nucleic 36 

acids (DNA and RNA) and activated methyl groups that are required for DNA methylation and 37 

regulation of chromatin structure2,9. Three distinct and essential systems for folate uptake have 38 

evolved in humans, which operate through different mechanisms10. Folate receptors bind with 39 

high affinity to extracellular folates and internalize these within the cell, whereas two integral 40 

membrane transport systems, the reduced folate carrier (RFC; SLC19A1) and the proton-41 

coupled folate transporter (PCFT; SLC19A1), function to transport folates into the cell across 42 

the plasma membrane (Fig. 1a). Both RFC and PCFT belong to the major facilitator superfamily 43 

(MFS) of secondary active transporters. However, whereas RFC operates at neutral pH as a 44 

folate cation antiporter11, PCFT is a folate proton symporter, which functions at acidic pH12.  45 

Mutations in PCFT 12 cause hereditary folate malabsorption (HFM), a metabolic disorder that 46 

results in severe developmental and neurological abnormalities following reduced folate 47 

transport into the body13,14. The requirement of high levels of folates for rapidly dividing cells 48 

has led to several successful anticancer treatments, including methotrexate and 49 

pemetrexed4,6,7,15. So-called antifolates achieve their mechanism of action by inhibiting 50 

enzymes that require folates, such as dihydrofolate reductase and thymidylate synthase, 51 

leading to cell cycle arrest16. To reduce the cytotoxic effects of antifolates there has been 52 

considerable effort in targeting PCFT over the more widely expressed RFC15. PCFT is more 53 

active in solid tumors due to the increased acidic microenvironment, making this an attractive 54 

target for new antifolates6,16. However, given the lack of structural information for either RFC or 55 
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PCFT, the molecular basis of folate or antifolate recognition and transport remains unclear, 56 

hampering efforts in targeted drug delivery.  57 

 58 

Figure 1. Cryo-EM structure and functional analysis of PCFT. a, Three distinct mechanisms 59 

for folate transport exist in mammalian cells. The folate receptor (FR) internalises extracellular 60 

folates releasing them in endosomes, whereas PCFT and RFC function to shuttle folates across 61 

the plasma membrane. b, Functional characterisation of the chicken PCFT reveals identical 62 

characteristics to its human homologue. c, Cryo-EM density of the PCFT nanobody complex 63 

contoured (threshold level of 1.0) to display secondary structure. Inset, superposition with 64 

lower contoured (threshold level of 0.22) volume to display detergent micelle. d, Cartoon 65 

representation of PCFT. e, Electrostatic surface representation of PCFT highlighting key 66 

structural features. Inset, cryo-EM density for represented side chains (5 sigma). 67 

 68 

0 5 10 15
0

50

100

150

200

[Folic acid], +M

Fo
lic

 a
cid

 u
pt

ak
e 

(p
m

ol
s m

in
-1

m
g-1

)

a b
Figure 1

d

c

47 A
o

Extracellular

Cytosol

90 ° 1

2

3

4

6

7

8

9

5
10

11 12

Extracellular
Loop 

Lateral
Helix

KM = 1.9 +/- 0.06 uM 

Folic 
Acid 

5.0 5.5 6.0 6.5 7.0
0

50

100

pH

R
el

at
iv

e 
tra

ns
po

rt 
(%

)
4

10

Binding Site
Entrance11 A

o

R156

D164

R384

E193

5

e

PCFT

nanobody



 4 

Cryo-EM structure of PCFT 69 

We identified the chicken PCFT homologue as suitable for structural and biochemical 70 

analysis (Extended Data Fig. 1). Gallus gallus PCFT displays the characteristic pH-dependent 71 

transport of folates and antifolates, with a pH optimum of 5.0-5.5 and a similar KM for folic acid 72 

of 2  µM (Fig. 1b) 12,17. Attempts at crystallization proved unsuccessful, prompting efforts to 73 

obtain nanobodies to aid structural determination. Using a naïve Llama library, a high-affinity 74 

inhibitory nanobody with KD 8 nM was isolated (Extended Data Fig. 2). Although PCFT is only 75 

50kDa, we nevertheless attempted structure determining using single-particle cryo-EM. 76 

Following extensive data collection and image processing (Fig. 1c & Extended Data Fig. 3), we 77 

successfully determined the atomic structure to 3.3 Å resolution (Extended Data Table 1). The 78 

nanobody-PCFT complex is only 62 kDa, demonstrating that 12 kDa nanobodies can also be 79 

used as a strategy for the determination of small eukaryotic SLC transporter structures via cryo-80 

EM. 81 

PCFT adopts the canonical MFS fold in an outward open conformation with the 82 

nanobody bound at the entrance to the binding site (Fig. 1c, d). In this conformation, TMs1,2 83 

and TMs7,8 splay apart, revealing the entrance to a large polar cavity extending into the 84 

interior of the transporter. At the base of this cavity, TM4,5 and TMs10,11 pack together, 85 

sealing the binding site from the cytoplasm. These helices form the extracellular and 86 

intracellular gates respectively and alternate between open (splayed apart) and closed (packed 87 

together) states during transport within members of the MFS18,19. Several unique features can 88 

be observed from the structure that have important implications for understanding the 89 

transport mechanism. A large extracellular loop extends from TM1, reaching over the top of 90 

the transporter, before contacting the C-terminal bundle via a disulfide bond20. Unbiased 91 

molecular dynamics simulations show that in the presence of an antifolate (pemetrexed), 92 

discussed below, the loop moves to close the entrance to the large polar cavity that opens out 93 

towards the extracellular side of the molecule, and which functions to bind folates (Extended 94 

Data Fig. 4). However, breaking the disulfide bond has no measurable effect on transport20, 95 

but does result in destabilization of the transporter (Extended Data Fig. 4d, e), consistent with 96 
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a role in stabilizing the protein. The most surprising structural feature is the presence of a 97 

substantial discontinuity in TM4 (Fig. 1e). Unusually, the discontinuous region is stabilized 98 

through an intrahelical salt-bridge between Arg156 (Arg148 in human PCFT) and Asp164 99 

(Asp156). The discontinuity in TM4 is mirrored in TM10, which although less pronounced 100 

functions to create a polar pocket that extends deep within the C-terminal helical bundle and 101 

sits close to His289 (His281) on TM7 (Extended Data Fig. 5). His289 is a strictly conserved side 102 

chain within the binding site of PCFT, previously identified as playing an important role in 103 

proton binding21. Molecular dynamics analysis demonstrates this pocket is a stable feature of 104 

the structure and is fully solvated in this conformation (Extended Data Fig. 5b) and may function 105 

to facilitate the sliding of TM7 against TM10 to facilitate closing of the extracellular gate during 106 

transport. Below the water pocket TM10 packs close to TM5, sealing the binding site from the 107 

cytoplasmic side of the membrane and stabilized by a conserved salt bridge interaction 108 

between Glu193 (Glu185) and Arg384 (Arg376). A recurring structural feature in MFS 109 

transporters are salt bridge interactions that function to coordinate transport between the N- 110 

and C-terminal bundles22,23. These are particularly important for proton-coupled transporters 111 

where the protonation state drives the structural rearrangements that coordinate substrate 112 

transport across the membrane24,25. The presence of an intrahelical salt-bridge in PCFT 113 

suggests a novel mechanism within the versatile MFS fold for coupling transport to pH 114 

gradients across the membrane, discussed further below. The last notable feature of apo PCFT 115 

is the presence of a lateral helix on the cytoplasmic side of the membrane between TM6 and 116 

TM7 (Fig. 1b, c). This helix will serve to anchor the transporter in the membrane and resembles 117 

a similar structural feature in the human iron efflux transporter ferroportin26.  118 

Folic acid contains a -2 negative charge at physiological pH due to the presence of 119 

glutamic acid, which is attached to the p-aminobenzoate group of the molecule2 (Fig. 1b). 120 

Consistent with this anionic property, the entrance to the transporter binding site contains a 121 

distinctive patch of positive charge that would serve to attract folates towards the binding site 122 

(Fig. 1e). A similar mechanism of folate capture is observed in the folate receptor 27.  Structural 123 

analogues of folate compounds, referred to as folate antimetabolites or simply antifolates, are 124 
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important drug molecules for treating a variety of cancers and non-malignant diseases, such 125 

as psoriasis and rheumatoid arthritis16,28. Clinically relevant antifolates include methotrexate, 126 

pemetrexed, raltitrexed and pralatrexate16, which are transported into cells via both RFC and 127 

PCFT15.  However, solid tumors express high levels of PCFT29, which becomes the primary 128 

carrier for folates due to the increase in acidic environment following the metabolic switch to 129 

anaerobic metabolism7. Novel antifolates with reduced cytotoxicity are therefore being 130 

developed that specifically target uptake by PCFT over RFC6,15,16,28, but are currently hampered 131 

by a lack of structural information.  132 

Structure of PCFT in complex with pemetrexed. 133 

To understand the structural basis of antifolate recognition and transport, we 134 

determined the structure of PCFT in complex with pemetrexed (PMX) to 3.4 Å resolution (Fig. 135 

2a, Extended Data Fig. 6 and Extended Data Table 1). Pemetrexed is administered to treat non-136 

small cell lung cancer 30 and is a favored PCFT substrate, with a KM 0.2 - 0.8 µM31,32 and IC50 of 137 

0.2 µM for the human transporter and 0.9 µM for the chicken homologue (Extended Data Fig. 138 

1). The pemetrexed complex was determined at acidic pH to replicate the functional state of 139 

the transporter in vivo. Pemetrexed was well resolved in the cryo-EM maps and bound in a 140 

kinked conformation at the base of the polar cavity observed in the apo structure (Fig. 2b & c). 141 

The g-carboxylate group of the glutamate occupies a positively charged pocket located within 142 

the N-terminal bundle. It interacts with Arg156 (Arg148), part of the intrahelical salt-bridge in 143 

TM4, and Asn98 (Asn90) on TM2 (Fig. 1d & e). The b-carboxylate sits close to Val44 (Gly40) on 144 

TM1 but makes no specific interaction to side chains in the binding site, while the amide and 145 

carbonyl groups both interact with Ser411 (Met403) on TM11. The benzoyl group makes a p-p 146 

stacking interaction with Phe290 (Phe282) on TM7, whereas the pyrimidine group sits a second 147 

polar cavity constructed from side chains in the C-terminal bundle. In particular, Tyr323 148 

(Tyr315) on TM8 interacts with the carbonyl and amide groups; the NH2 amine group interacts 149 

with Glu193 (Glu185) on TM5. Interestingly, the pyrole amine group of pemetrexed interacts 150 

with Glu407 on TM11, which is an asparagine in the human homolog (Asn399). Alchemical 151 

transformations show that a Glu407Asn mutation would stabilize the protein by forming 152 
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hydrogen bonds with Asn166, while remaining capable of preserving the interaction with the 153 

pryole amine of pemetrexed (Extended Data Fig. 7). 154 

 155 

Figure 2. Structure of PCFT in complex with pemetrexed. a, Cryo-EM density of PCFT in 156 

complex with pemetrexed and nanobody. b, Electrostatic surface representation of PCFT 157 

highlighting the central folate binding site, enlarged water pocket and narrow vestibule 158 

entrance. The bound pemetrexed molecule shown as sticks. c, View of pemetrexed within the 159 

binding cavity, viewed 90° relative to b, with surface charge highlighted.   d, Binding site 160 

showing the main polar interactions formed with pemetrexed. Key residues interacting with 161 

the drug are shown as sticks with hydrogen bonds represented as dashed lines. e, Schematic 162 

representation of the interactions shown in d. Hydrogen bond donors and acceptors are 163 

highlighted by directional arrows, the sole charge-charge interaction by a solid line and the pi-164 

pi interaction in orange. 165 
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Mechanism of proton coupling 167 

Previous studies have identified essential residues along with missense mutations that 168 

cause the genetic disorder hereditary folate malabsorption (HFM) (Extended Data Fig. 1a) 169 
5,10,12. The structure of PCFT in complex with pemetrexed now allows these mutations to be 170 

placed in the context of the binding site and transport mechanism (Extended Data Fig. 8). Of 171 

particular interest are Arg384 (TM10) and Asp164 (TM4), which are known HFM mutations33, 172 

and Glu193 (TM5), which was previously reported to play a role in proton coupling21. Our 173 

structures now reveal that these side chains, together with Arg156, form significant salt bridge 174 

interactions that stabilize the transporter in the outward open state (Fig. 1e). Under acidic pH 175 

conditions and in the presence of the ligand, we observe repositioning of both arginine side 176 

chains, resulting in the breaking of these interactions, thus linking ligand binding to the 177 

conformational changes needed to facilitate transport (Fig. 3a). The g-carboxylate group of 178 

pemetrexed functions to replace the interaction of Arg156 with Asp164 at one end of the 179 

binding pocket, essentially swapping an intra-protein salt bridge with a protein-ligand salt 180 

bridge. At the other end of the binding pocket, the amino group of the nucleotide ring disrupts 181 

the interaction between Glu193 and Arg384. These observations strongly suggest a role for 182 

both Asp164 and Glu193 in coupling ligand recognition to pH activation and transport of 183 

folates and antifolates observed in PCFT. 184 

Molecular dynamics-based free energy calculations estimate the pKa of Asp164 and 185 

Glu193 to be 5.6 +/- 0.3 and 6.7 +/- 0.2 respectively in the apo state. Given the working pH of 186 

5.0-5.5, this would suggest that both of these side chains are protonated before pemetrexed 187 

binds. To validate the role of Asp164 and Glu193 in the proton coupling mechanism, we 188 

analyzed the Asp164Ala, Asp164Asn, Glu193Asn and Glu193Ala variants using an in vitro 189 

liposome assay to measure transport and a thermal melt assay to assess binding (Fig. 3b, c & 190 

Extended Data Fig. 9a, b). The Asp164Ala variant was too unstable and could not be purified, 191 

consistent with its role in stabilizing the discontinuous region in TM4. The HFM mutation of this 192 

side chain to tyrosine similarly produces unstable protein33 However, the asparagine variant 193 

could still transport [H3]-folic acid, although at a reduced rate of 45 % of WT levels, identifying 194 
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Asp164 as a novel site of proton binding. Molecular dynamics analysis also highlights that 195 

protonation of Asp164 reduces the energy required for breaking the interaction with Arg156, 196 

following pemetrexed binding (Extended Data Fig. 9c). Unlike Asp164, the Glu193Ala variant 197 

was stable but was unable to bind to pemetrexed or folic acid and showed no detectable 198 

transport activity. However, we observed the more conservative mutation to asparagine was 199 

functional and able to respond to folic acid in both the binding and transport assays, exhibiting 200 

uptake ~ 20 % of WT levels.  Interestingly, the asparagine variant was functional at both acidic 201 

(5.5) and neutral pH (7.5), demonstrating that Glu193 is the principal proton binding site that 202 

links proton binding to folate transport in PCFT.  Several conserved histidine residues have 203 

also been implicated in proton binding, although unlike Glu193, are not essential for transport 204 
21. His289 is located adjacent to Phe290 on TM7 and makes a hydrogen bond interaction to 205 

Asn350 on TM9, stabilizing the extracellular gate in the outward open state (Extended Data 206 

Fig. 10). Following pemetrexed binding, His289 rotates away from Asn350, breaking the 207 

interaction with TM9. Given the close interaction between the benzoyl group of pemetrexed 208 

and Phe290, it is likely that ligand binding promotes the repositioning of TM7 towards TM1, 209 

initiating the closure of the extracellular gate of the transporter. This movement would be 210 

facilitated by the protonation of His289, a role consistent with our structural data.  211 
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 212 

Figure 3. Mechanism of proton coupling. a, Structural comparison of pemetrexed bound 213 

and apo structure. Key side chain rearrangements are observed following pemetrexed and 214 

proton binding. View is a direct comparison to Fig. 1e. Insets show the cryo-EM density for the 215 

two salt bridge interactions which are broken in the presence of substrate. Arrows indicate 216 

direction of side chain movement. b, Initial transport rates of folic acid uptake liposomes 217 

containing wild type (WT) and variant forms of PCFT at pH 5.5. c, same experiment as b but 218 

performed at pH 7.5 highlight the role of Glu193 in proton coupling.   219 

 220 

MFS transporters operate via an alternating access model18 that requires the 221 

coordinated movement of TMs 1-2 and TMs 7-8, which form the extracellular gate with TMs 4-222 

5 and TMs 10-11, that constitute the opposing cytoplasmic gate (Extended Data Fig. 5) 34. Our 223 

data provide a model for proton-coupled folate transport in PCFT that couples proton and 224 

ligand binding to structural rearrangements in these gating helices. Specifically, in the outward 225 

open state at acidic pH, Asp164, His289 and Glu193 are protonated, and the protein is primed 226 
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for transport (Fig. 4a). Binding of the ligand will promote closure of the extracellular gate 227 

through the interaction of Phe290 on TM7 and is facilitated by the protonation of His289 and 228 

the presence of the water pocket that loosens the packing of the C-terminal bundle helices.  229 

Supporting this model, molecular dynamics analysis reveals the movement of the extracellular 230 

gate helices in the presence of ligand and the closure of the extracellular loop over the binding 231 

site entrance (Extended Data Movie 1). At the cytoplasmic gate, the g-carboxylate breaks the 232 

intrahelical salt bridge in TM4 whereas the amine group of the pyrimidine ring disrupts the 233 

interhelical salt bridge between Glu193 and Arg384, which connects TM5 with TM10. The 234 

interaction with the amine group would trigger the cytoplasmic half of TM4 and TM5 to open, 235 

releasing the folate into the cell. Given the close packing of the lateral helix against TM10 and 236 

TM11, it is likely that PCFT operates via a structurally asymmetric movement, with TM4 and 237 

TM5 undergoing the larger structural change during transport. Following exposure to the 238 

cytoplasmic side of the membrane, Asp164, Glu193 and His289 will deprotonate, favoring 239 

reformation of the salt bridge and hydrogen-bond networks and reorientation to the outward-240 

facing state (Fig. 4b). This mechanism explains the extreme pH dependency of PCFT and 241 

reveals how pH gradients drive folate transport into the cell.  242 

Pharmacophore model for antifolate transport  243 

Finally, our model for folate transport indicates that ligands must coordinate both 244 

Asp164 and Glu193 to be transported, establishing a minimal distance between these two 245 

functional groups in the binding site for antifolates (Fig. 4c). The pharmacophore model 246 

established by our structures explains previous structure-activity relationship (SAR) data on 247 

antifolates 6. In particular, structures of novel antifolates where 3 or 4 carbon units lengthen the 248 

bridge region between the pyrimidine analogue group and the benzyl group exhibit PCFT 249 

selectivity over RFC35,36. We can now rationalize these observations, as adjustments in the 250 

bridging region would serve to extend the g-carboxylate into a conserved polar pocket in the 251 

N-terminal bundle, which contains two conserved glutamine side chains, Gln43 on TM1 and 252 

Gln135 on TM3 (Fig. 4d). This would allow the b-carboxylate to replace the interaction with 253 

Arg156, satisfying the minimal length requirement for ligand to trigger transport. Substantially 254 
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shortening the bridge region or lengthening greater than 3 carbon units resulted in molecules 255 

that were not recognized by PCFT35,36, likely because these molecules no longer engaged both 256 

salt bridge networks correctly. Our structure-based pharmacophore thus establishes a 257 

framework for further rational drug design of new antifolates with reduced cytotoxicity and 258 

selectivity towards PCFT.  259 

 260 

Figure 4. Alternating-access transport mechanism and antifolate binding model. a, 261 

Analysis of the gating helices (orange) reveals how proton binding is linked to intracellular gate 262 

dynamics. TMs 4 and 5 are likely to undergo the largest structural change to release ligand into 263 

the cell, while proton binding at His289 will facilitate closure of the extracellular gate mediated 264 

by TM7. b, Key steps in the alternating-access model for proton coupled folate transport.  c, 265 

Folates or antifolates must engage both salt bridges at either end of the binding site to open 266 

the intracellular gate, establishing a minimum length for substrates. d, Polar pocket close to 267 

the g-carboxylate explains how PCFT specific antifolates are recognised.  268 
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Extended Data: 269 

 270 
 271 

Extended Data Figure 1. Comparison of human and chicken PCFT homologues. a, 272 

Sequence alignment of PCFT from human (Hs, Uniprot Q96NT5) and chicken (Gg, E6Y8U5) 273 

coloured via amino acid chemistry. Human and chicken PCFT homologues share an overall 58 274 

% identity and 87 % similarity. Highlighted with yellow stars are functionally relevant residues 275 

and in red mutations found causing hereditary folate malabsorption disorder.  b, Cell based 276 

uptake assay comparing the transport of 3H folic acid via human and chicken PCFT at both pH 277 

5.5 and 7.5. The human and chicken homologues transport similar amounts of folic acid to 278 

each other and only do so at acidic pH (5.5).  c, Pemetrexed competition of 3H folic acid uptake 279 

into cells, overexpressing either human or chicken PCFT. The calculated mean IC50 values are 280 

indicated +/- s.d. d, Representative gel filtration trace of chicken PCFT in DDM:CHS detergent 281 

at pH 6.5. The protein elutes as a monomer, ~ 50 kDa.  Insets show coomassie stained SDS-282 

PAGE gel of the purified PCFT protein and circular dichroism analysis. e, Analysis of 283 
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thermostability of PCFT under different pH conditions (7.5 and 5.5) indicate that acidic pH 284 

stabilises the protein. The presence of both folic acid (FA) or pemetrexed (PMX) further 285 

stabilise the protein but only at acidic pH. f, The transport of folic acid by chicken PCFT in a 286 

reconstituted liposome uptake assay is not affected by a membrane potential generated by 287 

valinomycin (negative inside).  288 

 289 

 290 
Extended Data Figure 2. Characterisation of high affinity nanobody to PCFT. a, The 291 

nanobody identified from a naïve llama library has a KD of ~ 8 nM for PCFT binding. b, The 292 

nanobody blocks uptake of folic acid into liposomes containing PCFT where as a non-specific 293 

nanobody has no affect. c, SDS-PAGE analysis of the PCFT:nanobody complex post size 294 

exclusion.  295 
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Extended Data Figure 3. Cryo-EM processing workflow and local/global map quality for 298 

PCFT-NB. a, Image processing workflow for PCFT-NB. b, Local resolution estimation of 299 

reconstructed map as determined within RELION. Detergent density omitted for clarity. c, 300 

Gold-standard Fourier Shell Correlation (FSC) curves used for global resolution estimates 301 

within (i) cryoSPARC, (ii) RELION, or (iii) 3DFSC. d, Close-up of map/side chain density for 302 

transmembrane helices and lateral helix.  Volume contoured at threshold level of 0.805. 303 

 304 
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 306 

Extended Data Figure 4. Closure of the TM1/2 loop upon pemetrexed binding. a, In MD 307 

simulations of the apo structure (grey), the TM1/TM2 loop stays away from the TM7/TM7 loop, 308 

revealing the entrance to the binding pocket.  In simulations with pemetrexed bound however 309 

(orange), the same loop closes quickly with Ser68 of the TM1/TM2 loop coming into close 310 

proximity to Ala308 on the TM7/TM8 loop.  b, View of a, rotated 90 °. c, Time course of 311 

the distance between the Cα atoms of Ser68 and Ala308 for both apo (grey line) 312 
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and pemetrexed bound (orange) simulations.  The closure event observed with pemetrexed 313 

bound occurs around 250 ns and this closed conformation remains stable for the remainder of 314 

the simulation.  d, The presence of 2 mM DTT does not alter the uptake of folic acid into 315 

liposomes by PCFT. e, The presence of 2 mM DTT does lead to a destabilisation of the protein 316 

as determined by differential scanning fluorimetry.  317 

 318 

 319 
 320 

Extended Data Figure 5. Structural relationship between the observed water pocket and 321 

the gating helices in PCFT. a, Cartoon representation of PCFT showing the open and closed 322 

states of the extracellular and intracellular gates respectively. b, Molecular dynamic simulations 323 

demonstrate the water pocket is both stable and accessible to bulk solvent via the substrate 324 

binding cavity. The space occupied by the polar pocket results in fewer interactions between 325 

TM7 and 10 which is likely to facilitate the movement of the helices against one another during 326 

transport.    327 
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Extended Data Figure 6. Cryo-EM processing workflow and local/global map quality for 330 

PCFT-NB bound to pemetrexed. a, Image processing workflow for pemetrexed-bound PCFT-331 

NB. b, Local resolution estimation of reconstructed map as determined within RELION. 332 

Detergent density omitted for clarity. Top, full map; bottom, central slabthrough map. c, Gold-333 

standard Fourier Shell Correlation (FSC) curves used for global resolution estimates within (i) 334 

cryoSPARC, (ii) RELION, or (iii) 3DFSC. d, Close-up of side chain density for all transmembrane 335 

helices.  Volume contoured at threshold level of 0.3. e, density for pemetrexed (PMX) and 336 

interacting PCFT residues. Volume contoured at threshold level of 0.4. 337 

 338 

 339 
 340 

Extended Data Figure 7. The effect of E407N on apo and pemetrexed 341 

bound PCFT.  a, In wildtype Apo state E407 does not interact with N166. The E407N 342 

mutant however can readily hydrogen-bond with N166 (b), resulting in the E407N mutant 343 

being 1.5 kcal/mol more stable (e: blue).  In the wildtype Apo state, E407 makes a hydrogen 344 

bond with the pryole amine group of pemetrexed (PMX) (c), which is also preserved in the 345 

E407N mutant (d).  The coordinated hydrogen bind network among N166, E407N and 346 

pemetrexed further stabilises the protein-bound state by 2 kcal/mol compared to the apo state 347 

(e: orange).  348 
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 349 
 350 

Extended Data Figure 8. Hereditary folate malabsorption mutations. Cartoon 351 

representation of chicken PCFT structure with residues involved in hereditary folate 352 

malabsorption shown as spheres. Asp164 and Arg384 are highlighted as these residues play 353 

an important role in the transport mechanism. The table shows the corresponding human 354 

residue number and the associated phenotype.  355 

 356 

Extended Data Figure 8
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 357 
Extended Data Figure 9. Analysis of residues involved in proton binding in PCFT. a, 358 

Thermal stability assays using a Prometheus NT4.8 shows that both the Asp164 and Glu193 359 

asparagine variants are stabilised by the presence of folic acid (FA) at pH 5.5 similarly to the 360 

WT protein. The Glu193Ala variant however is no longer stabilised by substrate and is also less 361 

thermostable than WT protein. The mean melting temperatures calculated are indicated +/- 362 

s.d. b, Bar chart showing the percentage transport of folic acid into reconstituted liposomes by 363 

the variants of PCFT compared to the amount transported by WT at pH 5.5. Data are mean 364 
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values after 8 minutes. c, Protonation of D164 results in easier breakage of the salt bridge 365 

interaction to R156.  There is a free energy barrier of 2 kcal/mol associated with the breakage 366 

of the R156/D164 salt bridge in the apo state (b>c). The presence of the Pemetrexed as well 367 

as the protonation of the D164 (DH164) would lower this free energy barrier to a level lower 368 

than 0.5 kcal/mol and thus, bring it under the level of thermal fluctuation. 369 

 370 

 371 
Extended Data Figure 10. Model for ligand induced closure of the extracellular gate. a, 372 

Structure of PCFT highlighting the extracellular gate helices, TM7 and 8 (red) and their 373 

relationship to the bound pemetrexed molecule (yellow). The arrow indicates the movement 374 

required to seal the binding site from the extracellular side of the membrane. The interaction 375 

of Phe290 with the benzyl group of pemetrexed is likely to play an important role in triggering 376 

gate closure. b, Structural comparison between the apo and pemetrexed bound states reveals 377 

repositioning of His289 resulting in the breakage of its interaction with Asn350 facilitating the 378 
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movement of TM7. The water pocket substantially enlarges in the pemetrexed bound state 379 

consistent with greater flexibility in the C-terminal bundle under acidic conditions.     380 

 381 

Extended Data Table 1.  382 

 383 
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 384 

Table 1. Cryo-EM data collection, refinement and validation statistics 
 
 PCFT-NB 

(EMDB-xxxx) 
(PDB xxxx) 

PCFT-NB + 
pemetrexed  
(EMDB-xxxx) 
(PDB xxxx) 

Data collection and 
processing 

  

Magnification    105,000 105,000 
Voltage (kV) 300 300 
Electron exposure (e–/Å2) 59.1 58.5 
Defocus range (μm) 0.8 - 2.5 0.8 - 2.5 
Pixel size (Å) 0.832 0.832 
Symmetry imposed C1 C1 
Initial particle images (no.) 5,538,959 9,420,673 
Final  particle images (no.) 174,399 341,318 
Map resolution (Å) 
    FSC threshold 

3.2 
0.143 

3.3 
0.143 

Map resolution range (Å) 3.2-3.6 3.2-4.4 
   
Refinement   
Initial model used (PDB code) None XXXX 
Model resolution (Å) 
    FSC threshold 

3.2 
0.143 

3.3 
0.143 

Model resolution range (Å) 3.2-3.6 3.2-4.4 
Map sharpening B factor (Å2) -95.3 -81.8 
Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Ligands 

 
4178 
549 

0 

 
4209 
549 

LYA: 1 
B factors (Å2) 
    Protein 
    Ligand 

 
39.19 
N/A 

 
55.49 
60.24 

R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.008 
0.893 

 
0.008 
0.870 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    

 
1.95 
9.52 
0.92 

 
2.13 

12.19 
0.23 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
93.03 
6.97 
0.00 

 
90.46 
9.36 
0.18 
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Materials & Methods 402 

Cloning, expression and purification of PCFT. The gene encoding chicken PCFT was codon 403 

optimised for expression in S.cerevisiae and synthesised as a DNA fragment containing 404 

homologous recombination sites for insertion into pDDGFP-LEU2d (Addgene 58352) 37.  Wild-405 

type and mutant forms of PCFT were expressed by growing an overnight culture in medium 406 

minus leucine with 2 % glucose. This culture was diluted tenfold in medium minus leucine with 407 

2 % lactate in 12 or 24 TunAir flasks and incubated for at least 8 hours at 30 °C at 260 rpm. 408 

After this time expression was induced through the addition of 1.5 % galactose from a 25 % 409 

(w/v) stock. The yeast was collected after a further 16 h and membranes were prepared. PCFT 410 
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and mutants were purified to homogeneity using standard immobilized metal-affinity 411 

chromatography protocols in n-dodecyl-b-d-maltopyranoside (DDM) (Glycon, DE) detergent 412 

with cholesterol hemisuccinate (5:1 ratio DDM:CHS) as described previously. Following TEV 413 

cleavage the protein was subjected to size exclusion chromatography (Superdex 200; Cytiva, 414 

UK) in a buffer consisting of 20 mM Tris pH 7.5, 150 mM NaCl with 0.03 % DDM and 0.006 % 415 

CHS. Biotinyalted PCFT was produced by adding a C- terminal Avi-tag before the TEV cleavage 416 

site within the vector. The protein was purified as for WT, following biotintlaytion by 417 

Glutathione S-transferase-BirA overnight, the protein was subjected to a further size exclusion 418 

run.  419 

Reconstitution into liposomes. PCFT was reconstituted into liposomes consisting of a 3:1 420 

POPE:POPG using biobeads. Chloroform was removed from the lipids (Avanti polar lipids, 421 

USA) through the use of a rotary evaporator to obtain a thin film. The lipids were washed twice 422 

in pentane and then resuspended at 10 mg ml−1 in lipid buffer (50 mM potassium phosphate 423 

at pH 6.5). These lipid vesicles were frozen and thawed twice in liquid nitrogen and stored at 424 

−80 °C until required. For reconstitution, the lipids were thawed and then extruded first 425 

through a 0.8-μm filter and then through a 0.4-μm filter. Purified PCFT in DDM:CHS (at 0.5 μg 426 

μl−1 concentration) was added to the lipids at a final lipid:protein ratio of 80:1 and incubated 427 

for 1 h at room temperature, then for a further 1 h on ice; for the no-protein liposome control, 428 

the same volume of gel filtration buffer containing 0.03% DDM, 0.006% CHS was added. After 429 

this time, biobeads were added in batches over 24 hours. Biobeads (BioRad, USA) were 430 

removed and the proteoliposomes harvested by centrifugation at 120,000 x g for 40 minutes 431 

before resuspension in lipid buffer at a final protein concentration of 0.25 μg μl−1. They were 432 

subjected to three rounds of freeze–thawing in liquid nitrogen before storage at −80 °C. The 433 

amount of protein (both wild-type and mutant variants) reconstituted into the lipids was 434 

quantified by SDS–PAGE and densitometry. For immunisation into Llamas to raise nanobodies, 435 

0.6 mg of PCFT was reconstituted into POPE:POPG (3:1) ratio at a lipid:protein ratio of 40:1 436 

and resuspended at a final protein concentration of 1 mg/ml using the same method outlined 437 

above.  438 
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Transport assays. To analyse transport activity, 3H Folic acid (Moravek, USA) was used to 439 

monitor uptake and the folic acid was used within 6 months of the activity date due to instability 440 

observed of the product over time. Proteoliposomes were thawed and the required amount of 441 

proteoliposomes were harvested through centrifugation before resuspending in inside buffer 442 

(120 mM NaCl, 2 mM MgSO4 and 20 mM HEPES pH 7.5). The liposomes were subjected to four 443 

rounds of freeze thawing in liquid nitrogen to fully distribute the buffer and then extruded 444 

through a 0.4-μm filter. To initiate transport the proteoliposomes were diluted into the desired 445 

external buffer containing folic acid and trace amounts of 3H Folic acid. The reaction was 446 

incubated at 30 °C and stopped by rapidly filtering onto 0.22 μm filters, which were then 447 

washed with 2 × 2 ml cold water. The amount of folic acid transported inside the liposomes 448 

was calculated by scintillation counting in Ultima Gold (Perkin Elmer, USA) with comparison to 449 

a standard curve for the substrate. Experiments were performed a minimal of three times to 450 

generate an overall mean and s.d. For the pH optimum experiments 0.5 μg of protein was used 451 

per time points and a final concentration of 0.5 μM Folic acid. The external buffers used 452 

consisted of 120 mM NaCl, 2 mM MgSO4 and 20 mM cacodylate (pH 5.0) or MES (pH 5.5-6.5) 453 

or HEPES 7.0. The data shown in Fig. 1b shows the percent of folic acid transported after 5 454 

minutes as a percentage of the amount at pH 5.0.  455 

The kinetic analysis was performed at pH 5.5 due to the toxicity of cacodylate and also 456 

to be able to compare to the literature. The assays used 0.2 μg protein per time point and to 457 

allow for the increasing concentration of folic acid and its slight stickiness to the liposomes for 458 

each time point a background was removed which was liposomes reconstituted with buffer 459 

only.  The rate at each concentration was plotted form the linear range of the data and the 460 

whole experiment was repeated in triplicate to obtain the KM +/- s.d. To analyse the effect of a 461 

membrane potential the internal buffer used consisted of 120 mM KCl, 2 mM MgSO4 and 20 462 

mM HEPES pH 7.0 and the external buffer was 120 mM NaCl, 2 mM MgSO4 and 20 mM pH 5.5 463 

with or without 1 μM valinomycin. To test the effect on transport of the nanobody a 3x molar 464 

excess of nanobody was added to the PCFT liposomes prior to the freeze thaw steps and the 465 

liposomes were subjected to 5 rounds of freeze thawing in liquid nitrogen. To act as a 466 
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nanobody negative control a nanobody raised against a different protein was used which 467 

showed no affinity for PCFT. 468 

Cell based folic acid transport assays.  HeLa-R1-11 cells, which lack PCFT and RFC expression 469 

and were a generous gift from Prof. I. David Goldman, M.D. (Albert Einstein College of 470 

Medicine, NY, USA), were maintained in RPMI 1640 medium supplemented with 10 % foetal 471 

bovine serum and 2 mM L-glutamine under 5% CO2 at 37 °C. For transport assays 2 x 105 cells 472 

per well were seeded into 12 well plates and 24 hours later transfected using lipofectamine 473 

2000 with PCFT constructs in the vector pCDNA3.1 for 36 hours. Cells were washed twice with 474 

PBS before application of 0.5 ml assay buffer containing 3H folic acid. The buffer consisted of 475 

120 mM NaCl with either 20 mM MES pH 5.5 or HEPES pH 7.5. After the desired time the assay 476 

buffer was removed, and the cells quickly washed twice with 0.5 ml assay buffer with no folic 477 

acid. Cells were removed using trypsin, placed in a scintillation vial containing 100 ul 1M NaOH 478 

and lysed for 5 minutes prior to the addition of scintillation fluid. The amount of folic acid taken 479 

up by the cells was calculated by scintillation counting in Ultima Gold (Perkin Elmer) with 480 

comparison to a standard curve for the substrate. Experiments were performed a minimal of 481 

three times to generate an overall mean and s.d.   482 

Identification and screening of nanobodies. To identify PCFT specific nanobodies both a 483 

naïve llama library (Abcore, USA) and a library raised from immunisation of a Llama with 484 

reconstituted PCFT and screened using C-terminally biotinylated protein as described 485 

previously 38,39. ELISA positive clones were sequenced and unique nanobodies identified. 486 

These were further characterised using biolayer interferometry using an Octet Red385 487 

(Sartorius, USA) and streptavidin biosensors loaded with biotinyated PCFT at 100 nM in 20 mM 488 

Tris pH 7.5, 150 mM NaCl, 0,03% DDM, 0.006% CHS to compare kon and koff. To calculate KD a 489 

serial dilution of the nanobody from 125 nM to 3.9 nM was made and following a 60s baseline 490 

step the nanobody was allowed to associate for 300 seconds followed by a dissociation step 491 

of 300 seconds. Data were analysed in the Octet v9.0 software package and fit to a single 492 

binding site model in Prism. All raw data was baseline and reference subtracted, in-step 493 
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corrected, y-axis aligned and filtered with a Savitzky-Golay filter. The nanobodies exhibiting 494 

the slowest off rate were analysed for co-elution with PCFT via size exclusion chromatography 495 

on a Superdex 200 column at pH 7.5 at 4 ºC.   496 

Thermal stability measurements. Thermal stability in the presence and absence of 0.1 mM 497 

ligand was analysed using a Prometheus NT.48 (NanoTemper Technologies, DE). The proteins 498 

were diluted to a final concentration of 0.3 mg ml−1 into buffer containing 20 mM Mes pH 5.5 499 

or 20 mM Hepes pH 7.5, 150 mM NaCl and 0.03% DDM 0.006% CHS before the addition of 500 

ligand and incubated on ice for 15 minutes. Thermal measurements were carried out in a range 501 

from 20 to 90 °C with 1 °C per min steps. The resulting melting curves were generated by 502 

plotting the first derivative of the fluorescence ratio at 330 nm/350 nm against temperature.  503 

Secondary structure analysis.  Circular dichroism was used to assess secondary structure of 504 

the purified PCFT.  Concentrated (20 mg ml−1) protein was diluted to 0.2 mg ml−1 into buffer 505 

consisting of 10 mM potassium phosphate pH 6.5, 50mM sodium sulphate and 0.03 % 506 

DDM:CHS (5:1 ratio). CD spectrum was obtained using a JASCO 815 spectrophotometer 507 

(JASCO, JP). 508 

Cryo-EM sample preparation and data acquisition. PCFT post size exclusion was mixed with 509 

a 1.2 molar excess of the PCFT nanobody and incubated on ice for at least 30 minutes and the 510 

complex separated via size exclusion chromatography as above. For the pemetrexed PCFT NB 511 

complex, PCFT was buffer exchanged into 20 mM MES pH 6.0, 150 mM NaCl with 0.03 % DDM 512 

and 0.006 % CHS via size exclusion chromatography. The peak fraction was incubated with 0.1 513 

mM pemetrexed for one hour on ice prior to the incubation with a 1.2 molar excess of 514 

nanobody before subsequent separation by size exclusion chromatography at pH 6.0.    515 

PCFT with nanobody (6 mg/ml) or pemetrexed-bound PCFT with nanobody (5.8 mg/ml) were 516 

adsorbed to glow-discharged holey carbon-coated grids (Quantifoil 300 mesh, Au R1.2/1.3) 517 

for 10s. Grids were then blotted for 2s at 100% humidity at 8°C and frozen in liquid ethane 518 

using a Vitrobot Mark IV (Thermo Fisher Scientific). Data were collected in counted super-519 
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resolution mode on a Titan Krios G3 (FEI) operating at 300 kV with a BioQuantum  imaging  520 

filter  (Gatan)  and  K3  direct  detection  camera  (Gatan) at  105,000x  magnification, physical 521 

pixel size of 0.832 Å.  12,384 movies were collected for PCFT NB complex at a dose rate of 522 

22.2 e-/Å2/s, exposure time of 2.66 s, corresponding to a total dose of 59.1 e-/Å2over 40 523 

fractions. 13,039 movies were collected for pemetrexed-bound PCFT NB complexat a dose 524 

rate of 20.9 e-/Å2/s, exposure time of 2.80 s, corresponding to a total dose of 58.5 e-/Å2over 525 

40 fractions. 526 

 527 

Cryo-EM data processing. Initial micrograph processing was performed in real time using the 528 

SIMPLE pipeline 40, using SIMPLE-unblur for patched (15 x 10) motion correction, SIMPLE-529 

CTFFIND for patched CTF estimation and SIMPLE-picker for particle picking. After initial 2D 530 

classification in SIMPLE to remove junk particles, all subsequent processing was performed in 531 

either cryoSPARC 41 or RELION-3.1 42 using the csparc2star.py script within UCSF pyem 43 to 532 

convert between formats. Resolution estimates were derived from gold-standard Fourier shell 533 

correlations (FSCs) using the 0.143 criterion as calculated within RELION, cryoSPARC or the 534 

remote 3DFSC 44 processing server. Local resolution estimations were calculated within 535 

RELION. 536 

For PCFT-NB (Extended Data Fig. 3), 3,454,154 particles were re-extracted in 256 x 256 boxes 537 

following initial 2D classification in SIMPLE and subjected to reference-free 2D classification in 538 

RELION (200 classes). Selected particles (2,167,350) were used for non-uniform refinement in 539 

cryoSPARC against an 8 Å lowpass-filtered ab initio model generated from a 110,000 particle 540 

subset within cryoSPARC, using an initial lowpass filter of 35 Å, to yield a 4.1 Å map. The 541 

corresponding orientation file was imported into RELION using csparc2star.py and focused local 542 

refinement was performed using a soft “protein” mask encompassing the transmembrane 543 

helices and nanobody, which generated a 3.8 Å volume. Non-uniform refinement in cryoSPARC 544 

after Bayesian polishing in RELION (320 x 320 box) improved map quality and resolution to 3.7 545 

Å.  A class consisting of 286,258 particles was recovered after focused 3D classification without 546 

alignment in RELION using a protein mask; subsequent non-uniform refinement of this particle 547 
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set in cryoSPARC generated a 3.2 Å map with enhanced side-chain density.  Following another 548 

focused 3D classification without alignment in RELION, particles from three high resolution 549 

classes (174,399 particles total) were subjected to non-uniform refinement within cryoSPARC to 550 

generate a 3.2 Å map. B-factors were further improved by per-particle defocus refinement and 551 

another round of non-uniform refinement to generate a final map with global resolution of 3.2 552 

Å. 553 

For pemetrexed-bound PCFT-NB (Extended Data Fig. 4), 5,623,744 particles in 256 x 256 554 

boxes were recovered following initial 2D classification in SIMPLE and subjected to 2 rounds 555 

of reference-free 2D classification in cryoSPARC (300 classes each round). Selected particles 556 

(2,658,181) were used for non-uniform refinement in cryoSPARC against an 8 Å lowpass-557 

filtered PCFT-NB map to yield a 4.3 Å volume.  These particles were further Bayesian-polished 558 

in RELION (320 x 320 box) and subjected to a multi-class heterorefinement in cryoSPARC using 559 

four 8 Å lowpass-filtered ab initio models generated from the non-polished particle dataset 560 

(starting initial lowpass filter of 35 Å) as input.   Particles (982,582) from the only sensible PCFT-561 

NB class were subjected to two rounds of cryoSPARC non-uniform refinement to yield an 562 

improved 3.5 Å volume. This particle set was subjected to another round of multi-class 563 

heterorefinement using 8 Å lowpass-filtered maps generated from the previous multi-class 564 

heterorefinement as references. A class containing 636,596 particles was subjected to one 565 

round of non-uniform refinement yielding a 3.4 Å volume with clear density within the 566 

transporter cavity.  Focused 3D classification without alignment was performed in RELION 567 

using a soft mask encompassing the transporter cavity from which two similar but highly 568 

occupied classes (totaling 341,318 particles) were selected.  This particle set was subjected to 569 

non-uniform refinement to generate a 3.5 Å volume with strong pemetrexed density. This 570 

density was further improved to 3.3 Å by local non-uniform refinement in cryoSPARC using 571 

prior orientations, an 8 Å lowpass-filtered reference, and a soft mask encompassing only 572 

protein. 573 

 574 
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Model building and refinement. The atomic model of PCFT-NB (Table 1) was built de novo 575 

from the globally-sharpened 3.2 Å map following multiple rounds of manual building using 576 

Coot v. 0.945 and real-space refinement in PHENIX v. 1.18.2-3874 46 using secondary structure, 577 

rotamer and Ramachandran restraints.  578 

The atomic model of pemetrexed-bound PCFT-NB (Table 1) was generated first by rigid body 579 

fitting the PCFT-NB model into the globally-sharpened pemetrexed-bound PCFT-NB 3.3 Å 580 

map followed by multiple rounds of real-space refinement in Coot and PHENIX.  Pemetrexed 581 

ligand (“LYA” monomer) was imported into COOT 47 and rigid body fit into map density. 582 

Hydrogens were removed from pemetrexed in COOT and corresponding ligand restraint file 583 

was generated by eLBOW 48 within the ReadySet! module of PHENIX followed by multiple 584 

rounds of real-space refinement in PHENIX and COOT.  Both PCFT-NB and PCFT-NB + 585 

pemetrexed models were validated using MolProbity 49 within PHENIX. Figures were prepared 586 

using UCSF ChimeraX v.1.1 50, PyMOL v.2.4.0 (The PyMOL Molecular Graphics System, v.2.0; 587 

Schrödinger) and BioRender.com (2020). 588 

 589 

Molecular Dynamics. The coordinates of PCFT were obtained and the associated antibody 590 

was removed. PCFT was embedded into a pure 1-palmitoyl-2-oleoyl-sn-glycero-3-591 

phosphocholine (POPC) membrane via the self-assembly protocol at the coarse-grain level 592 

with the Martini 3.0.b.3.2 forcefield as previously described by us 51. The system was then 593 

trimmed to include 90 lipids on both leaflets.    594 

 595 

The head group of some of the lipid molecules were then edited to give 1-palmitoyl-2-oleoyl-596 

sn-glycero-3-phospho-ethanolamine (POPE) lipids resulting in an overall ratio of  POPE:POPC 597 

= 3:1 across the entire lipid bilayer system.  This was equilibrated for 10 µs before converting 598 

to an atomistic representation with cg2at 52. The protein was represented with Amber14SB 53 599 

and the lipid was represented with the Slipid forcefield 54.  Hydrogens atoms were added to 600 

pemetrexed according to 55.  Pemetrexed was represented with the GAFF force-field 56 and the 601 
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charge was derived using RESP 57. The system was then solvated with TIP3P water 58 and 602 

neutralised to an ionic concentration of 0.15 M with NaCl. 603 

 604 

The MD engine was Gromacs 2020.4 59. After energy minimisation, the system was equilibrated 605 

with 1000 kj/mol/nm positional restraint for 200 ps with a V-rescale thermostat 60 at 310 K in 606 

the NVT ensemble. The system was further equilibrated with the same positional restraint in 607 

the NPT ensemble with a berendsen barostat 61 at 1 atm and a Nose-Hoover thermostat at 310 608 

K for 1 ns.  Production runs were performed for 100 ns with the Parrinello-Rahman barostat 62. 609 

Five independent repeats were performed and trajectories were clustered via the linkage 610 

method. The centre of a cluster was extracted with MDAnalysis 63 and was the starting frame of 611 

the following calculations. 612 

 613 

Protonation free energy calculation. The free energy of protonating D164 and E193 were 614 

calculated for both apo and the pemetrexed-bound state. The topology for the protonation 615 

free energy calculation was prepared with pmx 64. The alchemical transformation was 616 

performed via 11 equally spaced lambda windows, where coulombic, van der waals and 617 

bonded interactions were changed at the same time with no soft-core.  The stochastic 618 

dynamics integrator was used for integration and an alchemical chloride ion was positionally 619 

restrained to the edge of the box to balance the charge. Each lambda window was equilibrated 620 

in the NVT ensemble for 200 ps and in the NPT ensemble for 1 ns followed by a 30 ns 621 

production run with replica exchange performed at 1 ps intervals. Three independent repeats 622 

were performed and the data was analysed with alchemical-analysis 65. 623 

 624 

Alchemical transformation free energy calculation. The free energy of E407N and K293Q 625 

mutations were calculated for both apo and the pemetrexed-bound state. The topology for the 626 

alchemical transformation was prepared with pmx 64 and then processed by alchemicalitp 66 627 

such that the transformation was done in three stages: i) turning off the partial charges on the 628 

atoms that are dummy at state B, ii) transformation  of the van der waals and bonded potential 629 

and iii) turning on the partial charge on the new atoms in state B.  The turning on and off of the 630 
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partial charge was performed via 10 equally spaced lambda windows, while van der Waals and 631 

bonded interactions were transformed via 20 equally spaced lambda windows. Stochastic 632 

dynamics integrator was used for integration and an alchemical chloride ion was positionally 633 

restrained to the edge of the box to balance the charge. Each lambda window was equilibrated 634 

in the NVT ensemble for 200 ps and then in the NPT ensemble for 1 ns followed by a 30 ns 635 

production run with replica exchange performed at 1 ps intervals. Three independent repeats 636 

were performed and the data was analysed with alchemical-analysis 65. 637 

 638 

Umbrella sampling calculations. The collective variable was defined as the distance between 639 

the CZ atom of R156 and CG atom of D164. 15 equally spaced windows were used to 640 

separated the collective variable from 0.3 nm to 1 nm and the CV was restrained at 1000 641 

kj/mol/nm. The initial frames were generated using metadynamics with plumed 2.6.2 67. Each 642 

window underwent 200 ps NVT equilibrium and 1 ns NPT equilibrium before a production run 643 

between 150 ns to 250 ns with replica exchange of 1 ps until the results converged. Three 644 

independent repeats were performed and the free energy profile was recovered using WHAM 645 
68. 646 
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