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Abstract
The	human	proton-	coupled	folate	transporter	(PCFT;	SLC46A1)	or	hPCFT	was	
identified	 in	 2006	 as	 the	 principal	 folate	 transporter	 involved	 in	 the	 intestinal	
absorption	of	dietary	folates.	A	rare	autosomal	recessive	hereditary	folate	malab-
sorption	syndrome	is	attributable	to	human	SLC46A1	variants.	The	recognition	
that	hPCFT	was	highly	expressed	in	many	tumors	stimulated	substantial	inter-
est	in	its	potential	for	cytotoxic	drug	targeting,	taking	advantage	of	its	high-	level	
transport	activity	under	acidic	pH	conditions	that	characterize	many	tumors	and	
its	modest	expression	in	most	normal	tissues.	To	better	understand	the	basis	for	
variations	in	hPCFT	levels	between	tissues	including	human	tumors,	studies	have	
examined	 the	 transcriptional	 regulation	 of	 hPCFT	 including	 the	 roles	 of	 CpG	
hypermethylation	and	critical	transcription	factors	and	cis	elements.	Additional	
focus	involved	identifying	key	structural	and	functional	determinants	of	hPCFT	
transport	that,	combined	with	homology	models	based	on	structural	homologies	
to	 the	 bacterial	 transporters	 GlpT	 and	 LacY,	 have	 enabled	 new	 structural	 and	
mechanistic	 insights.	 Recently,	 cryo-	electron	 microscopy	 structures	 of	 chicken	
PCFT	 in	 a	 substrate-	free	 state	 and	 in	 complex	 with	 the	 antifolate	 pemetrexed	
were	reported,	providing	 further	structural	 insights	 into	determinants	of	 (anti)
folate	recognition	and	the	mechanism	of	pH-	regulated	(anti)folate	transport	by	
PCFT.	Like	many	major	facilitator	proteins,	hPCFT	exists	as	a	homo-	oligomer,	
and	evidence	suggests	that	homo-	oligomerization	of	hPCFT	monomeric	proteins	
may	be	important	for	its	intracellular	trafficking	and/or	transport	function.	Better	

www.wileyonlinelibrary.com/journal/fsb2
mailto:
https://orcid.org/0000-0001-5631-5202
mailto:
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:houz@karmanos.org
mailto:matherly@karmanos.org


2 of 15 |   HOU et al.

1 	 | 	 INTRODUCTION

The	 proton-	coupled	 folate	 transporter	 (PCFT;	 SLC46A1)	
was	discovered	in	2006	and	was	identified	as	the	principal	
folate	transporter	involved	in	the	intestinal	absorption	of	di-
etary	folates.1	The	recognition	that	human	PCFT	(hPCFT)	
is	highly	expressed	in	many	tumors	stimulated	substantial	
interest	 in	 using	 hPCFT	 for	 cytotoxic	 drug	 targeting.2–	8	
Reflecting	 the	 biological	 and	 therapeutic	 importance	 of	
PCFT,	 numerous	 studies	 have	 explored	 its	 transcriptional	
regulation,	 along	 with	 structural	 and	 functional	 determi-
nants	 of	 PCFT	 transport.	 From	 structural	 homologies	 to	
the	bacterial	transporter	GlpT,	and	bovine	and	rat	GLUT5,	
homology	models	were	developed	for	hPCFT,9–	12	enabling	
new	 mechanistic	 insights	 and	 experimentally	 testable	 hy-
potheses.	 Recently,	 cryo-	electron	 microscopy	 (cryo-	EM)	
structures	 of	 chicken	 PCFT	 (cPCFT)	 in	 a	 substrate-	free	
state	and	in	complex	with	the	antifolate	pemetrexed	were	
reported.13	 Collectively,	 these	 results	 provide	 a	 structural	
basis	 for	 understanding	 antifolate	 recognition,	 including	
new	insights	into	the	pH-	regulated	mechanism	of	(anti)fo-
late	transport	mediated	by	PCFT.	This	review	summarizes	
the	evolving	biology	of	the	PCFT	as	a	prelude	to	the	rational	
development	 of	 new	 therapeutic	 strategies	 for	 conditions	
associated	with	folate	deficiency,	as	well	as	cancer.

2 	 | 	 DISCOVERY AND TISSUE 
EXPRESSION OF PCFT

It	was	studies	into	the	mechanism	of	facilitated	transport	of	
the	new-	generation	antifolate,	pemetrexed,14	that	eventually	
led	 to	 identification	 of	 a	 new	 facilitative	 folate	 transporter	
called	PCFT.1	Folates	are	absorbed	across	the	brush-	border	
membrane	of	the	proximal	intestine	by	PCFT,	and	PCFT	is	
also	essential	 to	 the	transport	of	 folates	across	 the	choroid	
plexus.1,15	A	defining	characteristic	of	PCFT	involves	its	sub-
stantial	 activity	 under	 acid	 conditions.16	 For	 the	 proximal	
small	 intestine	 where	 absorption	 of	 dietary	 folates	 occurs,	
the	microenvironment	pH	is	5.8–	6.0,	reflecting	the	presence	
of	sodium	proton	exchangers	in	the	apical	membrane.17–	19

The	human	SLC46A1 gene	is	located	on	chromosome	
17q11.2	 and	 includes	 five	 exons	 (Figure  1).	 Inherited	

variants	in	the	SLC46A1 gene	cause	loss	of	expression	or	
function	of	its	encoded	protein,	resulting	in	a	severely	low	
levels	of	systemic	and	cerebral	 folates	termed	hereditary	
folate	 malabsorption	 (HFM).1,9,20,21	 HFM	 syndrome	 ap-
pears	 shortly	after	birth	and	 is	accompanied	by	anemia,	
gastrointestinal	 (GI)	 symptoms,	 immune	deficiency,	and	
neurologic	manifestations.21

In	 addition	 to	 the	 upper	 GI	 and	 the	 choroid	 plexus,	
PCFT	 is	 expressed	 in	 other	 normal	 tissues,	 most	 nota-
bly	the	kidney,	the	sinusoidal	membrane	of	the	liver,	the	
retinal	 pigment	 epithelium,	 spleen,	 and	 placenta.1,8,22–	24	
hPCFT	 is	 highly	 expressed	 in	 many	 tumors	 (e.g.,	 lung,	
ovarian,	mesothelioma,	and	pancreatic	cancers)	and	is	ex-
pressed	at	very	low	levels	in	leukemias.3,5–	8,25	Transport	by	
hPCFT	is	an	 important	determinant	of	clinical	 response	
and	resistance	to	pemetrexed,	one	of	the	two	major	drugs	
for	 malignant	 pleural	 mesothelioma	 and	 an	 important	
drug	for	treating	nonsmall	cell	lung	cancer.26,27	In	recent	
years,	 there	 has	 been	 growing	 interest	 in	 using	 hPCFT	
for	targeting	novel	cytotoxic	antifolates	to	tumors,	taking	
advantage	of	 its	high-	level	activity	at	 the	acidic	pH	con-
ditions	associated	with	the	microenvironment	of	many	tu-
mors	and	its	unique	structure-	activity	requirements	from	
the	ubiquitously	expressed	human	reduced	folate	carrier	
(RFC;	SLC19A1)	or	hRFC.2,8,28

To	 better	 understand	 the	 molecular	 basis	 for	 varia-
tions	 in	 hPCFT	 levels	 between	 tissues	 including	 human	
tumors,	studies	began	examining	the	transcriptional	reg-
ulation	of	hPCFT.	The	hPCFT	promoter	includes	a	large	
(~1 kb)	CpG	island	which	spans	the	transcriptional	start	
site	and	can	be	hypermethylated,	resulting	in	low	hPCFT	
levels.25,29,30	Treatment	of	low	hPCFT-	expressing	cultured	
cells	 with	 5-	aza-	2'-	deoxycytidine	 restored	 hPCFT	 lev-
els.25,29,30	 In	 mice	 fed	 a	 folate-	deficient	 diet,	 PCFT	 tran-
script	levels	were	increased	~13-	fold	in	the	proximal	small	
intestine	compared	to	mice	fed	a	standard	(folate-	replete)	
diet31;	 however,	 it	 is	 unclear	 whether	 this	 increase	 in	
PCFT	expression	is	associated	with	changes	in	promoter	
methylation	or	if	other	mechanisms	are	involved.

The	hPCFT	promoter	(positions	−3000	and	+96	rela-
tive	 to	 the	 transcriptional	 start	 site	 at	 position	 +1)29	 in-
cludes	 cis	 elements	 for	 Sp1,	 AP1,	 AP2,	 NRF-	1,	 KLF4,	
KLF15,	 HNF4α,	 YY1,	 and	 vitamin	 D32–	36	 (the	 human	
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SLC46A1  gene	 structure	 including	 major	 transcription	
factors	is	depicted	in	Figure 1).	The	transcriptional	basis	
for	highly	disparate	expression	of	hPCFT	between	HepG2	
(human	hepatocellular	carcinoma)	(high)	versus	HT1080	
(fibrosarcoma)	(low)	tumor	cells	was	reflected	the	differ-
ential	promoter	binding	of	NRF-	1,	KLF15,	and	Sp1	pro-
teins,	paralleling	intracellular	levels	of	these	transcription	
factors.36	Sp1	phosphorylation	was	also	suggested	to	regu-
late	hPCFT	transcription.36

3 	 | 	 TRANSPORT PROPERTIES OF 
PCFT

PCFT	 is	 a	 proton	 symporter	 such	 that	 the	 proton	 gradi-
ent	across	the	cell	membrane	drives	the	uphill	transport	of	

folates	into	cells.	PCFT	operates	most	efficiently	at	acidic	
pH,16	 in	 striking	 contrast	 to	 the	 RFC,	 the	 major	 tissue	
folate	transporter,	which	has	a	neutral	pH	optimum.37	In	
tissues	which	express	PCFT,	RFC	is	invariably	present.	A	
dynamic	interplay	has	been	reported	between	these	major	
folate	transport	systems	that	depends	on	transporter	lev-
els	and	extracellular	pH.38	In	HEK293	(human	embryonic	
kidney)	 cells,	 hPCFT	 transport	 is	 maximal	 at	 pH	 4.5,39	
with	 significant	 activity	 up	 to	 pH	 6.5.16	 As	 extracellular	
pH	 is	 further	 increased,	hPCFT	transport	decreases	pre-
cipitously.	hPCFT	substrates	include	5-	methyl	tetrahydro-
folate,	 5-	formyl	 tetrahydrofolate,	 and	 classic	 antifolates	
such	 as	 methotrexate	 and	 pemetrexed.1,8,16	 Transport	 is	
specific	for	(6S)-	5-	formyl	tetrahydrofolate	and	L-		over	D-	
aminopterin.16,40	Interestingly,	folic	acid	is	a	poor	substrate	
for	RFC	but	is	a	good	substrate	for	PCFT16,37;	conversely,	

F I G U R E  1  Modes	of	hPCFT	regulation.	The	genomic	organization	of	the	human	SLC46A1 gene	(upper)	and	splicing	of	its	transcript	
(lower)	are	depicted.	For	hPCFT,	the	~1 kb	CpG	island	and	major	transcription	factor	binding	motifs	are	indicated	from	positions	−3000	to	
+96,	where	the	transcriptional	start	site	is	+1.	Also	depicted	is	the	potential	regulatory	role	associated	with	hPCFT	homo-	oligomerization.	
Although	heterologous	protein	interactions	have	not	yet	been	confirmed,	protein	interaction	networks	(“interactome”)	could	also	play	
important	roles	in	hPCFT	regulation
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the	antifolates	PT523	and	GW1843U89	are	excellent	sub-
strates	for	RFC	but	are	poor	substrates	for	PCFT.16,41

Other	characteristics	of	PCFT	were	reported.	Transport	
is	not	affected	by	the	removal	of	Na+,	K+,	Ca2+,	Mg2+,	or	
Cl−	but	is	decreased	by	treatment	with	a	proton	ionophore	
(carbonylcyanide	 p-	trifluoromethoxyphenylhydrazone)1	
or	 a	 K+/H+	 exchanging	 ionophore	 (nigericin).42	 Nitrate	
or	bisulfite	treatment	of	HeLa	cells	abolished	the	pH	gra-
dient	 and	 inhibited	 PCFT	 transport.43	 From	 studies	 in	
Xenopus	oocytes,	 transport	by	PCFT	is	electrogenic	with	
a	net	translocation	of	positive	charges	for	each	negatively	
charged	 folate	 molecule1	 accompanied	 by	 intracellular	
acidification.44

4 	 | 	 PCFT STRUCTURE AND 
FUNCTION

PCFT	belongs	to	the	major	facilitator	superfamily	(MFS)	
of	 transporters	 including	 the	 bacterial	 lactose/proton	
symporter	 (LacY),	 the	 inorganic	 phosphate/glycerol-	3-	
phosphate	antiporter	(GlpT),	and	RFC.45,46	hPCFT	is	com-
posed	of	459	amino	acids	(Figure 2)	and	shares	~14%	of	
amino	acid	identity	with	hRFC.

Topology	 analyses	 of	 the	 hPCFT	 protein	 within	 the	
plasma	 membrane	 used	 substituted	 cysteine	 accessibil-
ity	 methods	 (SCAMs)	 with	 thiol-	reactive	 reagents	 [e.g.,	
2-	aminoethyl	 methanethiosulfonate	 (MTSEA)]	 to	 probe	
aqueous	accessible	residues/domains.47	SCAM,	combined	
with	hemagglutinin	(HA)	 labeling	of	 the	hPCFT	N-		and	
C-	termini,	 defined	 12	 transmembrane	 domain	 (TMD)	
segments	(illustrated	in	Figure 2).31,47,48	Subsequent	stud-
ies	 used	 SCAM	 with	 an	 expanded	 number	 of	 cysteine	
replacements	to	further	refine	the	hPCFT	topology	includ-
ing	TMD	boundaries	and	substrate-	binding	domains.49,50	
The	hPCFT	protein	is	glycosylated	in	the	first	extracellu-
lar	loop	at	Asn58	and	Asn68.48	Loss	of	glycosylation	upon	
treatment	of	cells	with	tunicamycin	or	mutation	of	Asn58	
and	Asn68	to	Gln	individually	or	together	had	only	mod-
est	effects	on	hPCFT	transport.48

Loss-	of-	function	 mutations	 in	 hPCFT	 from	 pa-
tients	 with	 HFM	 syndrome	 have	 been	 used	 to	 identify	
amino	 acids	 that	 may	 be	 structurally	 or	 functionally	
important.1,9,10,12,20,21,51–	65	 Further	 interrogation	 of	 in-
dividual	amino	acids	used	systematic	site-	directed	muta-
genesis	based	on	sequence	conservation	and	predictions	
of	 membrane	 topology.44,54,65–	77	 The	 computation	 of	
three-	dimensional	comparative	protein	structure	models	
is	 feasible	 for	 MFS	 members	 with	 unknown	 structures	
based	 on	 previously	 solved	 MFS	 structures.	 For	 hPCFT,	
homology	modeling	based	on	the	GlpT	and	GLUT5 struc-
tures	has	been	useful	 for	understanding	PCFT	structure	
and	function,	and	for	enabling	predictions	of	the	roles	that	

particular	residues	and	domains	play	in	hPCFT	transport	
function.9–	11

Amino	 acids	 in	 hPCFT	 implicated	 as	 functionally	
or	 structurally	 important	 by	 these	 approaches	 include	
Arg148,	Asp109,	Asp156,	Glu185,	Glu232,	His281,	Arg376,	
Tyr291,	Tyr315,	Tyr362,	Tyr414,	and	Trp299.13,44,54,55,66–	68	
Residues	 mapping	 to	 TMD2	 (Gly93	 and	 Phe94),	 TMD4	
(Gly147,	 Ala152,	 Phe157,	 Gly158,	 and	 Leu161),	 TMD5	
(Ile188),	TMD7	(Ile278,	His281,	Phe282,	Gly283,	Ala284,	
Asp286,	and	Leu288),	the	TMD7–	8 loop	(Tyr291),	TMD8	
(Tyr315),	 TMD10	 (Tyr362),	 and	 the	 lipid-	aqueous	 inter-
face	(Trp48,	Trp85,	and	Trp202)	were	identified	by	SCAM	
as	 potential	 substrate-	binding	 domains.10,67–	72	 Gly158	 in	
TMD4	of	hPCFT	was	 identified	as	a	 target	 for	sustained	
inhibition	of	transport	by	the	flavonoid	myricetin.78

The	conserved	loop	domain	linking	TMD2	and	TMD3	
(residues	109-	114)	is	predicted	to	have	a	cytoplasmic	ori-
entation	 (Figure  2)	 and	 includes	 Asp109	 and	 Arg113,	
neither	of	which	can	be	replaced	by	other	amino	acids	re-
gardless	of	charge	or	polarity.12,54,70,73,74	Likewise,	Gly112	
is	required	for	transport	function.70	Mutations	at	Asp109	
were	 reported	 to	 lock	 hPCFT	 in	 an	 “inward-	open”	 con-
formation,	as	reflected	in	loss	of	accessibility	of	cysteine	
insertions	to	MTSEA-	biotin	by	SCAM	analysis	and	loss	of	
transport	function.75	Interestingly,	substitution	of	leucine	
at	Gly305	(TMD8)	in	the	mutant	Asp109 hPCFT	scaffold	
largely	restored	transport	function	and	MTSEA-	biotin	ac-
cessibility.75	Replacement	of	Phe392	(TMD11)	with	valine	
resulted	 in	 an	 analogous	 transport	 defective	 phenotype	
that	was	reversed	by	insertion	of	Leu	at	position	305.76

The	 hPCFT	 TMD2-	3  loop	 domain	 includes	 a	 β-	turn	
structure	and	was	predicted	by	homology	modeling	based	
on	the	GlpT	template	to	protrude	into	a	hydrophobic	cav-
ity	formed	by	TMDs	1,	3,	4,	and	6.12	Whereas	the	predicted	
cytosolic	domain	connecting	TMDs	2	and	3	(positions	107-	
114)	 of	 hPCFT	 was	 reported	 to	 form	 a	 novel	 “reentrant	
loop”	 structure	 based	 on	 SCAM	 analysis	 with	 MTSEA-	
biotin,70	 in	other	reports	Cys-	substituted	residues	in	this	
region	showed	limited	accessibilities	to	extracellular	sulf-
hydryl	reagents.49,74

The	hPCFT	TMD6-	7 loop	domain	is	predicted	to	be	in-
tracellular	(Figure 2)	and	includes	a	stretch	of	30 mostly	
nonconserved	 residues	 (positions	 236-	265)	 with	 the	 ex-
ception	of	a	conserved	stretch	of	amino	acids	(RLFXXRH)	
from	positions	241-	247.	The	conserved	His247	was	impli-
cated	 as	 functionally	 important,	 as	 amino	 acid	 substitu-
tions	(Ala,	Arg,	Gln,	or	Glu)	at	this	position	were	associated	
with	decreased	transport	compared	to	wild-	type	hPCFT.44	
By	molecular	modeling,	His247	was	predicted	to	reside	at	
the	 cytoplasmic	 end	 of	 a	 solute	 pathway	 with	 hydrogen	
bonding	 to	 Ser172	 where	 it	 restricts	 substrate	 access	 to	
the	folate	binding	pocket.44	Interestingly,	in	electrophysio-
logical	studies	in	Xenopus	oocytes,	the	His247Ala	mutant	
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dissociated	 folate	 and	 proton	 transport	 such	 that	 proton	
movement	occurred	without	folate	transport.44

The	 functional	 and	 mechanistic	 importance	 of	 the	
hPCFT	 TMD6-	7	 connecting	 loop	 was	 further	 stud-
ied	 by	 site-	directed,	 deletion,	 and	 insertion	 muta-
genesis.77	 Whereas	 removal	 of	 residues	 252-	265	 from	
TMD7-	12	 abolished	 transport,	 chimeric	 proteins	 in-
cluding	 non-	homologous	 sequence	 replacements	 from	
a	 thiamine	 transporter	 (ThTr1)	 inserted	 into	 the	 hPCFT	
TMD6-	7 loop	region	(positions	236	to	250,	or	251	to	265;	
designated	 tp-		 and	 pt-	hPCFT,	 respectively)	 were	 active;	
however,	 replacement	 of	 the	 entire	 TMD6-	7  loop	 with	
ThTr1  sequence	 resulted	 in	 substantial	 loss	 of	 transport	
activity.77	 His247	 replacements	 with	 Ala,	 Arg,	 Gln,	 and	
Glu,	or	His247	deletion,	in	wild-	type	hPCFT	significantly	
suppressed	transport,44	yet	the	same	His247	replacements	
in	pt-	hPCFT	showed	no	obvious	effect	on	transport	activ-
ity.77	Thus,	the	impact	of	His247 substitutions	on	hPCFT	
transport	appears	to	be	context	dependent	and	varies	with	
the	 flanking	 sequence	 and	 secondary	 structure.	 Indeed,	
the	role	of	 the	TMD6-	7  loop	domain	in	hPCFT	function	
appears	 to	 be	 largely	 unrelated	 to	 specific	 primary	 se-
quence	elements,	as	long	as	sufficient	secondary	structure	

is	preserved	and	proper	spacing	between	the	TMD1-	6	and	
TMD7-	12  segments	 is	 ensured	 to	 maintain	 protein	 sta-
bility	 and	 to	 facilitate	 optimal	 membrane	 translocation.	
Consistent	with	this	notion,	hPCFT	could	be	coexpressed	
as	TMD1–	6	and	TMD7-	12 half-	molecules	to	restore	trans-
port	activity,	albeit	in	low	levels.77

5 	 | 	 STRUCTURAL BIOLOGY OF 
PCFT

Characterization	of	PCFT	structure	is	essential	to	under-
standing	critical	determinants	of	substrate	binding	and	
the	mechanism	of	membrane	transport.	Only	a	few	crys-
tallographic	structures	of	eukaryotic	MFS	proteins	have	
been	reported,	for	example,	PiPT,79	GLUT1,80	GLUT3,81	
SERT,82	 and	 ENT1.83	 However,	 there	 are	 numerous	
examples	 of	 prokaryotic	 MFS	 transporters	 for	 which	
structures	 have	 been	 resolved,	 for	 example,	 LacY,84	
GlpT,85	 EmrD,86	 and	 YajR.87	 MFS	 transporters	 share	 a	
conserved	 core	 fold	 that	 comprises	 12	 transmembrane	
segments	organized	into	two	discretely	folded	N-		and	C-	
terminal	domains.	Within	each	domain,	six	consecutive	

F I G U R E  2  Schematic	structure	of	hPCFT	membrane	topology.	A	topology	model	for	hPCFT	is	shown	based	on	the	HMMTOP	
prediction	algorithm	and	biochemical	studies,47	including	12 TMDs	and	internal	N-		and	C-	termini.	N-	Glycosylation	sites	at	Asn58	and	
Asn68	are	shown	as	black	circles.	Structurally	and	functionally	important	residues	based	on	cPCFT	structural	studies13	are	labeled	as	blue	
and	red	circles.	The	residues	labeled	as	red	circles	were	validated	with	biochemistry	studies	on	hPCFT,	including	Arg148,66,71	Asp156,54,66	
Glu185,66	His281,44	Phe282,72	Tyr315,10,67	and	Arg376.55,66	The	residues	in	the	TMD	2-	3	(positions	107–	114)	and	TMD	6-	7	(positions	236–	
265)	loops	are	shown	as	gray	circles,	and	specific	residues	(Asp109,	Gly112,	Arg113,	and	His247)	in	these	domains	implicated	as	functionally	
important	by	mutagenesis	studies	are	highlighted	in	green12,44,70,74,75
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transmembrane	segments	are	folded	into	a	pair	of	“3+3”	
inverted	repeats.88–	90

Recently,	 cryo-	electron	 microscopy	 (cryo-	EM)	 struc-
tures	 of	 the	 chicken	 PCFT	 (cPCFT)	 in	 a	 substrate-	free	
state	 (3.2  Å)	 and	 in	 complex	 with	 the	 antifolate	 peme-
trexed	 (3.3  Å)	 were	 reported.13	These	 findings	 provide	 a	
structural	basis	for	understanding	(anti)folate	recognition	
and	enable	insights	into	the	pH-	regulated	mechanism	of	
folate	transport	mediated	by	PCFT.	The	cryo-	EM	structure	
shows	that	the	cPCFT	protein	adopts	the	canonical	MFS	
fold	in	an	“outward-	open”	conformation.13	TMDs	1,	2,	4,	
5,	7,	8,	10,	and	11	form	a	hydrophilic	cavity	for	binding	an-
ionic	folate	substrates,	with	TMDs	1,	2,	7,	and	8	forming	an	
open	extracellular	gate,	and	TMDs	4,	5,	10,	and	11	forming	
a	 closed	 intracellular	 gate.	 Two	 salt	 bridges	 form	 in	 the	
cPCFT	protein,	between	Arg156	and	Asp164,	and	between	
Glu193	 and	 Arg384	 (Figure  3A,B	 lists	 the	 homologous	
amino	acid	residues	between	cPCFT	and	hPCFT).	These	
salt	 bridge	 interactions	 serve	 to	 stabilize	 the	 transporter	
in	the	outward-	open	state.	In	addition,	a	hydrogen-	bond	
interaction	between	His289	in	TMD7	and	Asn350	in	TM9	
in	cPCFT	stabilizes	the	extracellular	gate	in	the	outward-	
open	 state.	 The	 extracellular	 and	 intracellular	 gates	 are	
suggested	to	alternate	between	open	(splayed	apart)	and	
closed	(packed	together)	states	during	 transport,13	as	 for	
other	members	of	the	MFS.85,90

To	 understand	 the	 structural	 determinants	 of	 recog-
nition	and	transport	of	(anti)folate	substrates,	a	structure	
of	cPCFT	in	complex	with	pemetrexed	was	determined	at	
a	 resolution	 of	 3.3  Å.13	 Pemetrexed	 (Figure  4)	 is	 one	 of	
the	 best	 substrates	 for	 hPCFT16,28	 and	 has	 similar	 affin-
ities	 for	 binding	 to	 hPCFT	 and	 cPCFT.13	 To	 mimic	 the	
acidic	 conditions	 for	 optimal	 transport,	 the	 structure	 of	
the	 cPCFT/pemetrexed	 complex	 was	 determined	 at	 pH	
6.0.	Pemetrexed	was	well-	resolved	in	the	cryo-	EM	maps	of	
cPCFT	and	bound	in	a	kinked	conformation	at	the	base	of	
a	polar	cavity	composed	of	both	N-		and	C-	terminal	bun-
dles.	The	pyrimidine	moiety	of	pemetrexed	sits	in	a	polar	
cavity	constructed	from	side	chains	in	the	C-	terminal	bun-
dle	(Figure 3C).	The	carbonyl	and	3-	nitrogen	of	the	pyrim-
idine	ring	of	pemetrexed	interact	with	Tyr323	in	TMD8	of	
cPCFT,	and	the	2-	amino	group	of	the	pyrimidine	interacts	
with	Glu193	in	TMD5.	The	pyrrole	nitrogen	of	pemetrexed	
interacts	with	Glu407	in	TMD11	and	the	side-	chain	ben-
zoyl	group	makes	a	π–	π	stacking	interaction	with	Phe290	
in	TMD7	of	cPCFT.	The	L-	glutamate	γ-	carboxylate	group	
of	pemetrexed	interacts	with	Arg156	in	TMD4	and	Asn98	
in	TMD2	in	a	positively	charged	pocket	located	within	the	
N-	terminal	bundle	of	cPCFT.	Whereas	the	α-	carboxylate	
of	the	L-	glutamate	of	pemetrexed	does	not	show	specific	
interactions	with	side	chains	in	the	binding	site,	both	the	
amide	and	carbonyl	groups	adjacent	 to	 the	benzoyl	 ring	
interact	with	Ser411	in	TMD11	of	cPCFT	(Figure 3C).

The	cPCFT	structure	also	sheds	new	light	on	important	
determinants	for	binding	and	transport	of	PCFT-	targeted	
drugs	 for	 cancer	 with	 selectivity	 over	 RFC2,8	 based	 on	
published	 studies	 of	 6-	substituted	 pyrrolo[2,3-	d]pyrim-
idine	 thienoyl	 antifolates	 with	 different	 bridge	 lengths	
ranging	from	one	to	six	carbons,91,92	 for	which	the	com-
pounds	 with	 3-		 (AGF94)	 or	 4-		 (AGF71)	 bridge	 carbons	
(Figure 4)	appear	to	be	optimal.	The	structural	model	for	
cPCFT	predicts	that	bound	pemetrexed	coordinates	with	
Arg156	 at	 the	 γ-	carboxylate	 and	 Glu193	 at	 the	 2-	amino	
group	 on	 the	 pyrimidine	 ring,	 thus	 defining	 a	 minimal	
distance	 between	 these	 two	 key	 residues	 in	 the	 PCFT	
binding	site	for	related	(anti)folate	substrates	(Figure 3D).	
Lengthening	 the	 bridge	 from	 two	 carbons	 as	 in	 peme-
trexed	(a	5-	subsituted	pyrrolo[2,3-	d]pyrimidine	antifolate)	
to	 three	or	 four	carbons	as	 in	AGF94	and	AGF71	would	
result	in	the	γ-	carboxylate	of	the	bound	ligand	extending	
into	 a	 conserved	 polar	 pocket	 which	 contains	 Gln43	 in	
TMD1	and	Gln135	in	TMD3	of	cPCFT	(Figure 3D).13	The	
net	 effect	 would	 be	 that	 the	 α-	carboxylate	 of	 the	 bound	
substrate	would	be	forced	to	interact	with	Arg156	in lieu	
of	the	γ-	carboxylate.13	Decreasing	the	bridge	length	to	less	
than	three	carbons	or	greater	than	five	carbons	would	re-
sult	in	inactive	compounds	of	this	series,91,92	most	likely	
due	 to	 loss	 of	 PCFT	 binding	 and	 transport.	 Clearly,	 the	
structure-	based	 pharmacophore	 provides	 an	 important	
framework	for	rational	drug	design	to	provide	high	levels	
of	PCFT	transport.

6 	 | 	 ALTERNATING- ACCESS 
TRANSPORT MECHANISM OF PCFT

MFS	 transporters	 are	 generally	 believed	 to	 facilitate	
transport	 via	 an	 “alternating	 access”	 mechanism,88,90	
whereby	the	substrate-	binding	site	is	alternately	accessi-
ble	from	either	side	of	the	membrane	via	conformational	
changes	 in	 the	 transporter.	 This	 is	 generally	 viewed	
as	 involving	 four	 distinct	 stages.88	 The	 transport	 cycle	
starts	 with	 an	 outward	 facing	 “unloaded”	 state	 (step 
1).	 The	 binding	 of	 substrate	 triggers	 a	 conformational	
change	 that	 results	 in	 a	 membrane	 transition	 from	 an	
outward	 to	 an	 inward	 facing	 state	 (step 2).	 This	 is	 fol-
lowed	by	release	of	substrate	into	the	cytoplasm	(step 3)	
and	finally	a	return	to	the	unloaded	outward	facing	state	
to	complete	the	transport	cycle	(step 4).	The	recent	apo-		
and	ligand-	bound	structures	of	cPCFT,13	combined	with	
extensive	published	hPCFT	mutant	studies,44,54,65–	77	pro-
vide	an	increasingly	detailed	model	for	proton-	coupled	
folate	transport	via	PCFT.

The	cryo-	EM	structure	of	cPCFT13 shows	that	cPCFT	
adopts	a	canonical	MFS	fold	in	an	outward-	open	confor-
mation	 stabilized	 by	 an	 intrahelical	 salt	 bridge	 between	
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Arg156	and	Asp164	in	TMD4,	an	interhelical	salt	bridge	
between	Glu193	 in	TMD5	and	Arg384	 in	TMD10,	and	a	
hydrogen	 bond	 between	 His289	 in	 TMD7	 and	 Asn350	
in	TMD9.	 In	 this	 conformation,	 a	 hydrophilic	 cavity	 for	
binding	 of	 anionic	 (anti)folate	 substrates	 is	 generated	
(Figure  3C).	 Consistent	 with	 the	 anionic	 character	 of	
(anti)folates	 (−2	 charge	 at	 physiological	 pH),93	 the	 en-
trance	to	the	transporter	binding	site	is	positively	charged.	
This	feature	may	serve	to	attract	folates	and	related	mole-
cules	and	funnel	them	into	the	transporter.13

The	 presence	 of	 intrahelical	 and	 interhelical	 salt	
bridges	in	PCFT	suggests	a	mechanism	within	the	MFS	
fold	 for	coupling	 (anti)folate	 transport	 to	pH	gradients	
across	 the	membrane.	Based	on	 the	cryo-	EM	structure	

of	 cPCFT,13	 a	 detailed	 mechanism	 for	 transport	 of	
pemetrexed	at	acidic	pH	can	be	envisaged	(Figure 5).	In	
the	outward	open	state	(step 1),	protonation	of	Asp164	
and	Glu193	in	cPCFT	weakens	the	salt	bridge	network	
formed	 between	 side	 chains	 of	 Arg156	 and	 Asp164,	
and	 between	 Glu193	 and	 Arg384.	 Pemetrexed	 binding	
to	cPCFT	further	weakens	the	salt	bridges	by	inducing	
increased	pKa	values	for	Asp164	and	Glu19313	(step 2).	
As	a	result,	a	salt	bridge	forms	between	the	pemetrexed	
γ-	carboxylate	group	and	Arg156,	and	the	2-	amine	group	
on	 the	 pyrimidine	 ring	 of	 pemetrexed	 associates	 with	
Glu193	 in	 cPCFT	 (Figure  3C).	 An	 additional	 effect	 of	
pemetrexed	binding	involves	disruption	of	the	hydrogen	
bond	between	His289	in	TMD7	and	Asn350	in	TMD9	of	

F I G U R E  3  cPCFT	structure	and	identification	substrate-	binding	site.	(A)	Key	side-	chain	rearrangements	are	observed	after	pemetrexed	
and	proton	binding	with	cPCFT.	The	insets	show	the	cryo-	EM	density	of	cPCFT	for	the	two	salt-	bridge	interactions,	which	are	broken	in	the	
presence	of	substrate.	Arrows	indicate	the	direction	of	side-	chain	movement.	TMDs	4,	5,	and	10	in	cPCFT	are	indicated.	This	panel	is	from	
the	publication	by	Parker	et	al.13	with	copyright	permission.	(B)	A	table	is	provided	listing	key	residues	in	the	cPCFT	structure	and	their	
counterparts	in	hPCFT.	(C)	Schematic	of	the	deduced	binding	pose	of	cPCFT	for	pemetrexed	based	on	the	cPCFT/pemetrexed	structure.13	
This	panel	is	adapted	from	that	in	the	publication	by	Parker	et	al.13	(D)	Predicted	binding	interactions	of	AGF94	with	cPCFT.	AGF94	is	a	
6-	substituted	pyrrolo[2,3-	d]pyrimidine	preclinical	compound	with	three-	carbon	chain	bridge	length92	(Figure 4).	AGF94	can	engage	both	
salt	bridges	of	cPCFT	at	either	end	of	the	binding	site,	resulting	in	an	opening	of	the	intracellular	gate,	along	with	the	specificity	pocket	for	
PCFT	substrate	binding.	This	panel	is	adapted	from	that	in	the	publication	by	Parker	et	al.13

(A)

(C)

(D)

Tyr323

Ser411
Arg156

Asn98

Ser411

Phe290

Glu407

Glu193

(B)

Minimum length for
PCFT selec�vity

cPCFT` hPCFT
Gln43 Gln39
Pro45 Pro41
Asn98 Asn90
Gln135 Gln127
Arg156 Arg148
Asp164 Asp156
Asn166 Asn158
Glu193 Glu185
His289 His281
Phe290 Phe282
Pro322 Pro314
Tyr323 Tyr315
Asn350 Asn342
Pro381 Pro373
Arg384 Arg376
Glu407 Asn399
Ser411 Met403
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cPCFT.	Protonation	of	His289	facilitates	the	interaction	
between	 the	 benzoyl	 group	 of	 pemetrexed	 and	 Phe290	
and	repositioning	of	TMD7	toward	TMD1	to	initiate	clo-
sure	 of	 the	 extracellular	 gate13	 (step 3).	 Hence,	 ligand	
binding	 dictates	 the	 conformational	 changes	 in	 the	
cPCFT	 protein	 required	 for	 transport.	 At	 the	 cytoplas-
mic	gate,	binding	of	pemetrexed	with	cPCFT	triggers	the	
cytoplasmic	 half	 of	 TMD4	 and	 TMD5	 to	 open,	 releas-
ing	the	antifolate	into	the	cell	(step 4).	This	is	accompa-
nied	 by	 deprotonation	 of	 Asp164,	 Glu193,	 and	 His289	
and	 reformation	 of	 the	 salt	 bridge	 and	 hydrogen	 bond	
networks,	resulting	in	reorientation	of	the	carrier	to	the	
outward-	facing	state	(step 5).

This	 mechanism	 accounts	 for	 the	 pH	 dependence	 of	
PCFT	 transport	 including	 how	 protons	 facilitate	 (anti)
folate	 transport	 into	 cells.	 Topological	 analyses	 predict	
breaks	 in	 four	 of	 the	 hPCFT	 transmembrane	 helices.21	
Three	of	the	breaks	contain	a	Pro	residue	in	hPCFT	(Pro41,	
Pro314,	 and	 Pro373	 in	TMDs	 1,	 8,	 and	 10,	 respectively);	
the	break	 in	TMD4	 involves	Gly158.	These	breaks	 likely	
enable	the	oscillation	of	the	carrier	between	the	inward-	
open	 and	 outward-	open	 conformational	 states	 requisite	
for	transport.94

While	 the	 cryo-	EM	 structure	 of	 cPCFT	 validates	
mechanistically	 important	 roles	 of	 Arg148,	 Glu185,	
His281,	 Phe282,	 Tyr315,	 and	 Arg376	 in	 hPCFT	 trans-
port	 (Figure  3B)	 suggested	 from	 biochemical	 studies	 of	
hPCFT,10,44,54,66,67,71,72	 there	 remain	 some	 uncertainties.	
For	 example,	 the	 cryo-	EM	 structure	 of	 cPCFT	 demon-
strates	 an	 intrahelical	 salt	 bridge	 between	 Arg156	 and	
Asp164	within	TMD4	of	cPCFT	and	protonation	of	Asp164	
upon	 substrate	 binding13;	 however,	 a	 functional	 role	 for	
Asp156	 in	 hPCFT	 transport	 (corresponds	 to	 Asp164	 in	
cPCFT;	Figure 3B)	has	not	been	demonstrated.65	Rather,	
Asp156	appeared	to	be	important	for	hPCFT	protein	sta-
bility.65	Furthermore,	no	mechanistic	roles	of	the	TMD2-	3	
intracellular	 loop,12,54,70,73,74	 and	 possibly	 His247,44,77	
in	 hPCFT	 transport	 function	 were	 suggested	 from	 the	
cryo-	EM	structure.13	These	questions	may	not	be	resolved	
until	a	structure	of	hPCFT	becomes	available.

7 	 | 	 OLIGOMERIC STRUCTURE 
OF HPCFT AND ITS FUNCTIONAL 
IMPORTANCE

An	additional	consideration	in	the	structure	and	function	
of	 PCFT	 involves	 the	 potential	 role	 of	 PCFT	 oligomeri-
zation	 (Figure  1).	 Numerous	 MFS	 proteins	 have	 been	
reported	 to	 form	 oligomers	 (e.g.,	 dimers,	 tetramers),	 in-
cluding	 LacS,	 AE1,	 GLUT1,	 TetA,	 and	 hRFC.95–	101	 For	
hPCFT,	formation	of	homo-	oligomers	could	be	significant	
to	the	mechanism	of	transport	and	its	regulation.

Based	 on	 comprehensive	 studies	 using	 a	 wide	 range	
of	 methods	 including	 protein	 cross-	linking,	 blue	 native	
gel	 electrophoresis,	 nickel	 affinity	 chromatography,	 and	
fluorescence	 resonance	 energy	 transfer	 (FRET),	 hPCFT	
was	concluded	to	form	homo-	oligomers,	with	the	hPCFT	
dimer	 as	 the	 dominant	 form	 both	 in	 detergent	 solution	
and	 in	 situ.102	 hPCFT	 oligomers	 were	 also	 identified	 by	
Zhao	 et	 al.	 by	 homo-	bifunctional	 cross-	linking69	 and	 by	
Aduri	et	al.	 from	size	exclusion	chromatography	 follow-
ing	 solubilization	 with	 lauryl	 maltose	 neopentyl	 glycol	
(LMNG).103	 LMNG-	solubilized	 hPCFT	 bound	 folate	 and	
appeared	to	be	a	dimer	by	size	exclusion	which	was	fur-
ther	 supported	 by	 negative	 electron	 microscopy	 on	 the	
LMNG	preparation	that	showed	that	hPCFT	was	the	pre-
dicted	size	of	a	dimer.103

However,	 in	 other	 studies,	 the	 predominant	 form	 of	
hPCFT	expressed	in	Sf9	insect	cells	and	oocytes	and	sol-
ubilized	 in	 n-	dodecyl-	β-	D-	maltoside	 (DDM)	 appeared	
to	be	a	monomer,104	a	 result	 subsequently	confirmed	by	
Aduri	et	al.103	Duddempudi	et	al.104	also	reported	evidence	
purported	to	suggest	the	existence	of	monomeric	hPCFT,	
including	blue	native	electrophoresis	and	chemical	cross-
linking	 with	 glutaraldehyde	 and	 dimethyl	 adipimidate.	
However,	 given	 the	 methodologic	 differences	 in	 mem-
brane	preparations	and	detergent	solubilization,	let	alone	
use	of	different	cross-	linking	agents,	it	is	difficult	to	recon-
cile	the	findings	of	Duddempudi	et	al.104	with	those	sug-
gesting	 that	hPCFT	occurs	as	an	oligomer,	most	 likely	a	
dimer.69,101,103,105

A	 possible	 explanation	 for	 these	 different	 findings	
may	 involve	 a	 weak	 association	 between	 hPCFT	 mono-
mers	 and	 the	 essential	 role	 of	 the	 membrane	 lipids	 in	
promoting	 oligomer	 formation.	 Gupta	 et	 al.	 used	 mass	
spectrometry	 to	 simultaneously	 determine	 the	 presence	
of	interfacial	lipids	and	oligomeric	stability	of	membrane	
proteins	and	to	assess	how	lipids	may	impact	membrane	
protein–	protein	associations.106	Lipid	binding	was	obliga-
tory	for	dimerization	of	membrane	proteins	(e.g.,	NhaA).	
Correlations	 between	 the	 interfacial	 strength	 of	 associa-
tion	 and	 the	 presence	 of	 interfacial	 lipids	 accounted	 for	
interactions	within	a	number	of	α-	helical	membrane	pro-
teins.	 Indeed,	 this	 could	 explain	 why	 many	 MFS	 trans-
porters	such	as	GLUT	transporters	were	reported	to	exist	
as	 oligomers	 in	 membranes,98,107	 yet	 nonetheless	 have	
been	extracted,	purified,	and	crystallized	 in	detergent	as	
monomers.80,81,108

One	 of	 the	 most	 compelling	 arguments	 for	 a	 func-
tional	 role	 of	 hPCFT	 dimerization	 involves	 studies	 by	
Hou	 et	 al.102	 In	 this	 report,	 co-	expression	 of	 wild-	type	
and	inactive	mutant	Pro425Arg	hPCFTs	in	hPCFT-	null	
HeLa	cells	resulted	in	a	distinctive	“dominant-	positive”	
transport	phenotype,	best	interpreted	as	positive	cooper-
ativity	between	wild-	type	and	mutant	hPCFT	monomers	
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and	functional	“rescue”	of	mutant	hPCFT	by	wild-	type	
hPCFT.102	 Similar	 “cooperative”	 phenotypes	 were	 re-
ported	 for	 other	 MFS	 members,	 including	 the	 dimeric	
lactose	transporter	LacS	for	which	coexpression	of	non-
functional	 mutant	 LacS	 with	 wild-	type	 protein	 abol-
ished	H+-	active	transport.95

Additional	 studies	 investigated	 structural	 determi-
nants	 of	 hPCFT	 oligomerization.	 Although	 the	 trans-
membrane	 sequence	 motif	 GXXXG	 has	 been	 implicated	
to	 facilitate	 tight	 interactions	 between	 transmembrane	
α-	helices,109–	112	including	dimerization	of	membrane	pro-
teins,113–	119	the	two	GXXXG	motifs	in	hPCFT	(located	in	
TMDs	2	and	4)	are	not	directly	involved	in	hPCFT	oligom-
erization,	as	suggested	by	nickel	affinity	chromatography	
and	 FRET	 experiments.105	 Rather,	 these	 GXXXG	 motifs	
seem	likely	to	play	a	role	in	stability	and	intracellular	traf-
ficking	of	hPCFT.105

Zhao	 et	 al.	 used	 homo-	bifunctional	 cross-	linking	
[1,1-	methanediyl	 bismethanethiosulfonate	 (MTS-	1-	
MTS)]	 between	 Cys229	 (located	 in	TMD6)	 in	 individual	
hPCFT	 monomers,	 implicating	 an	 interface	 involving	
TMD6	 between	 hPCFT	 monomers.	 In	 additional	 stud-
ies,	hPCFT	cysteine	 insertion	mutants	 in	TMD3	(Q136C	
and	 L137C)	 and	TMD6	 (W213C,	 L214C,	 L224C,	 A227C,	
F228C,	F230C,	and	G231C)	were	expressed	in	hPCFT-	null	
HeLa	cells	and	cross-	linked	with	1,6-	hexanediyl	bismeth-
anethiosulfonate,	 confirming	 TMD	 juxtapositions.	 This	

implies	that	TMDs	3	and	6	provide	critical	interfaces	for	
formation	of	hPCFT	oligomers,	which	might	be	facilitated	
by	the	GXXXG	motifs	in	TMD2	and	TMD4.105

Based	 on	 the	 “alternate	 access	 model”	 for	 secondary	
transporters	such	as	LacY,84	an	analogous	reaction	scheme	
for	hPCFT-	mediated	transport	was	proposed	which	incor-
porates	a	functional	impact	of	hPCFT	oligomerization102	
(Figure 6).	In	this	model,	both	hPCFT	monomers	in	ho-
modimeric	hPCFT	are	assumed	to	undergo	the	transport	
cycle	concurrently	via	six	distinct	stages.	The	scheme	starts	
with	an	outward	facing	unloaded	hPCFT	dimer	composed	
of	 two	wild-	type	monomers.	The	ordered	binding	of	co-	
transported	protons	(step 1)	and	substrates	(step 2)	to	both	
monomers	 triggers	a	conformational	change	 that	results	
in	a	membrane	 transition	of	hPCFT	monomers	 from	an	
outward	to	an	inward	facing	state	(step 3).	This	is	followed	
by	 an	 ordered	 release	 of	 substrates	 (step 4)	 and	 protons	
(step 5)	 from	both	hPCFT	monomers	 into	the	cytoplasm	
and,	finally,	return	of	both	unloaded	hPCFT	monomers	to	
their	outward	facing	state	to	complete	the	transport	cycle	
(step 6).	Intrinsic	to	this	model	is	functional	cooperativity	
between	 associated	 hPCFT	 monomers	 suggested	 by	 the	
studies	of	Hou	et	al.102

8 	 | 	 FUTURE DIRECTIONS

This	review	summarizes	major	advances	in	the	biology	of	
PCFT.	PCFT	was	discovered	in	2006	and	identified	as	the	
major	folate	transporter	involved	in	the	intestinal	absorp-
tion	 of	 dietary	 folate	 such	 that	 loss	 of	 PCFT	 was	 causal	
in	 a	 rare	 autosomal	 condition	 called	 HFM.1	 Subsequent	
studies	 confirmed	 the	 high-	level	 hPCFT	 expression	 in	
tumors,3,5–	7,25	 prompting	 interest	 in	 developing	 PCFT-	
targeted	cytotoxic	drugs2,8,28	that	draw	from	its	substantial	
activity	at	the	acidic	pH	associated	with	the	microenviron-
ment	 of	 tumors.	 Studies	 began	 to	 explore	 the	 transcrip-
tional	regulation	of	hPCFT	including	identification	of	key	
transcription	factors	and	the	role	of	promoter	hypermeth-
ylation	as	 important	determinants	of	differential	hPCFT	
expression	 between	 tissues	 and	 tumors.4,29,30,32,33,35,36,120	
Evidence	 that	 hPCFT	 can	 form	 homo-	oligomers,69,102,103	
suggested	 yet	 another	 potential	 level	 of	 regulation,	 in-
cluding	the	possibility	that	heterozygous	hPCFT	variants	
in	 HFM	 patients	 could	 impact	 trafficking	 and	 transport	
function	of	wild-	type	carrier	via	the	formation	of	variant/
wild-	type	oligomers102	(Figure 1 shows	various	modes	of	
PCFT	regulation	as	described	in	this	review).

Over	the	past	15 years,	the	progress	in	understanding	
the	biology	of	PCFT	and	its	clinical	importance	and	ther-
apeutic	potential	has	been	staggering.	Particularly	notable	
is	the	extent	to	which	characterization	of	the	causal	basis	
for	 HFM1,9,12,20,21,51–	64  has	 shed	 light	 on	 PCFT	 structure	

F I G U R E  4  Structures	for	pemetrexed	and	AGF94	and	AGF71.	
Pemetrexed	is	a	clinically	used	5-	substituted	pyrrolo[2,3-	d]
pyrimidine	antifolate.128	AGF7191	and	AGF9492	are	preclinical	
6-	substituted	pyrrolo[2,3-	d]pyrimidine	antifolates	with	
demonstrated	specificity	for	transport	by	PCFT	over	RFC
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and	 mechanism,	 including	 the	 identification	 of	 mech-
anistically	 important	 residues	 and	 regions	 involved	 in	
substrate	binding	or	proton	coupling.	Of	course,	the	avail-
ability	of	cryo-	EM	structures	of	cPCFT	in	its	apo	form	and	
in	complex	with	the	pemetrexed13	provides	exciting	new	
opportunities	to	interpret	the	extensive	mutant	studies	on	
hPCFT44,54,65–	77	 in	 light	of	critical	determinants	of	 (anti)
folate	binding	and	the	mechanism	of	(anti)folate	transport	
mediated	 by	 PCFT.	The	 structure-	based	 pharmacophore	
for	PCFT13	establishes	an	 important	new	 framework	 for	
further	 rational	 design	 of	 PCFT-	selective	 antifolates	 for	
tumor	targeting	and	decreased	toxicity	to	normal	tissues	
which	 express	 substantial	 RFC	 without	 PCFT.	 This	 will	
complement	 ongoing	 studies	 with	 multiparameter	 op-
timization	and	medicinal	chemistry	 to	discover	 the	next	
generation	 of	 PCFT-	targeted	 agents.	 Looking	 forward,	

these	concepts	will	be	advanced	immeasurably	by	solving	
an	RFC	structure.

While	 hPCFT-	selective	 antifolates	 have	 been	 identi-
fied2,8,28	(without	transport	by	RFC),	their	efficacy	could	
be	further	optimized	by	modulating	hPCFT	expression	at	
the	 transcriptional	 level	 with	 demethylating	 agents25	 or	
other	approaches.	It	will	be	additionally	important	to	fur-
ther	confirm	the	larger	role	of	hPCFT	oligomerization,	in-
cluding	its	overall	functional	and	regulatory	importance.	
This	extends	to	critical	structural	determinants	including	
the	 impact	 of	 interfacial	 lipids	 on	 hPCFT	 dimerization,	
as	these	could	enable	development	of	strategies	to	modu-
late	oligomerization,	along	with	the	use	of	pharmacologic	
chaperones	such	as	small	molecules	or	peptidomimetics	
that	promote	trafficking	and	increase	transporter	expres-
sion	and	function.

F I G U R E  5  Key	steps	in	the	alternating-	access	model	for	cPCFT.	Based	on	the	“alternate	access	model”	for	secondary	transporters88,90	
and	the	cryo-	EM	structure	of	cPCFT,13	a	model	of	cPCFT	transport	is	depicted.	In	the	outward	open	state	of	cPCFT	at	acidic	pH,	the	protein	
is	primed	for	transport	upon	protonation	of	Asp164	and	Glu193	(step 1).	Proton	binding	drives	transport	and	facilitates	movement	of	the	
gating	helices.	Binding	of	the	ligand	promotes	closure	of	the	extracellular	gate	(step 2)	through	an	interaction	of	the	ligand	with	Phe290	
on	TMD7	and	is	facilitated	by	the	protonation	of	His289.	Substrate	binding	causes	a	conformational	change	to	an	inward	facing	state	
(step 3).	The	interaction	with	ligand	triggers	the	intracellular	gate	to	open,	releasing	protons	and	the	(anti)folate	substrate	into	the	cell	
(step 4).	Deprotonation	of	Asp164,	Glu193	and	His289	favors	the	reformation	of	the	salt	bridges	and	hydrogen-	bond	networks	and	drives	
reorientation	to	the	outward-	facing	state	(step	5).	This	mechanism	explains	the	pH	dependency	of	PCFT57	and	how	protons	facilitate	(anti)
folate	transport	into	the	cell

S

H+
Substrate
Proton

cPCFT

H+

SH+

Out
In

H+S

Out
In

Out
In

Out
In

SH+
Out
In

1. Protona�on weakens salt bridge 
networks 

2. Substrate binding 
breaks salt bridge 

and hydrogen bond  
networks

3. Substrate binding causes 
conforma�onal change to 

inward facing state 

4. Substrate and proton 
release

5. Salt bridges 
forma�on drives 

reorienta�on



   | 11 of 15HOU et al.

Heterologous	 protein	 interactions	 could	 also	 play	 an	
important	role	in	hPCFT	regulation	as	protein	interaction	
networks	(“interactome”)	are	important	for	processes	crit-
ical	 to	 cellular	 homeostasis121,122	 (depicted	 in	 Figure  1).	
Macromolecular	assemblies	involving	membrane	proteins	
are	 of	 particular	 interest	 as	 these	 serve	 vital	 biological	
roles	 and	 provide	 potential	 drug	 targets.123	 Proteins	 in-
teracting	with	hPCFT	could	be	 identified	by	“proximity-	
dependent	 biotin	 identification”	 (BioID)	 methods,	 and	
their	 interaction	 with	 hPCFT	 could	 then	 be	 verified	 by	
co-	immunoprecipitation	and	functional	studies	(e.g.,	gene	
knock-	outs).124,125

For	hPCFT,	protein–	protein	homo	and	hetero	interac-
tions	might	explain	anomalies	such	as	the	basis	for	an	in-
tracellular	PCFT	fraction	reported	in	multiple	studies,57,126	
the	negative	impact	of	increasing	hRFC	on	hPCFT	activ-
ity,38	and	the	“disconnect”	between	levels	of	endogenous	
hPCFT	proteins	and	hPCFT	transport	activity	described	in	
human	tumor	cell	lines.127
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