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The solute carrier protein SLC19A1 is crucial for transporting folate nutrients,
antifolate chemotherapeutics, and more recently cyclic dinucleotides (CDNs)
immune transmitters, influencing various physiological and pathological
processes. While the inward-open state of human SLC19A1 (hSLC19A1) has
been previously described, key aspects regarding its conformational dynam-
ics, substrate selectivity, and precise mechanisms underlying CDNs transport
remain elusive. Using an antibody-facilitated conformation screening strategy,
we present cryo-electron microscopy structures of hSLC19Al in its outward-
open state with and without bound substrates, revealing detailed mechanisms
of substrate recognition and conformational changes during transport. We
identify both general and specific features for folate/antifolate recognition,
including an SLC19A1-specific pocket for accommodating y-carboxylate-
modified antifolates. Intriguingly, CDNs bind as monomers within the cano-
nical pocket of outward-open hSLCI19Al, contrasting with dimeric binding in
inward-open structures. Together with functional assays, these findings pro-
vide a framework for developing antifolate drugs and CDN-targeted therapies,

advancing our understanding of SLC19A1’s physiological and therapeutic

functions.

Folate, an essential nutrient for mammalian growth and develop-
ment, acts as a crucial one-carbon unit donor in fundamental meta-
bolic processes and plays pivotal roles in synthesizing key
biomolecules such as thymidine, purine nucleotides, serine, and
methionine”. The solute carrier protein SLC19A1, also known as the
reduced folate carrier, has been extensively studied for its role in
folate transport over several decades’”. Additionally, SLC19A1 facil-
itates the transport of antifolate drugs, such as methotrexate and
pemetrexed, which are widely used in the treatment of cancer,
rheumatoid arthritis, and psoriasis®. Interestingly, recent studies
have unveiled a novel function of SLC19A1 in the transport of cyclic

dinucleotides (CDNs)’®. CDNs serve as pivotal immune signaling
molecules capable of eliciting broad downstream immune responses
by binding to the stimulator of interferon genes (STING)° ™. SLC19A1
transports not only mammalian endogenous CDN: 2’3’-cGAMP syn-
thesized by cyclic GMP-AMP synthase (cGAS)**"¢, but also bacterial
CDN and synthetic CDN-type drugs™"™". The dual role of SLC19A1 in
folate/antifolate and CDN transport underscores its significance in
fundamental metabolism, infection, immunopathology, cancer che-
motherapy, and immunotherapy*>2°%,

In line with the major facilitator superfamily (MFS) fold, SLC19A1
comprises 12 transmembrane (TM) helixes, with TM1-6 forming the
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N-terminal domain (NTD) and TM7-12 constituting the C-terminal
domain (CTD)*. The transmembrane transport of substrates by MFS
protein normally occurs through a rocker-switch rotation model,
wherein the two domains undergo conformational changes from an
outward-open to an inward-open state’. Previous cryo-electron
microscopy (cryo-EM) studies have provided insights into the sub-
strate binding details of human SLC19A1 (hSLC19A1) in its inward-open
state, with folate and antifolate binding as monomers within a cano-
nical pocket®* and CDNs forming a compact dimeric unit within a
non-canonical cavity”. However, all the reported structures exhibit the
same inward-open conformation, leaving unresolved questions about
how hSLC19A1 changes conformation and recognizes substrates dur-
ing the transport cycle. Moreover, it is still unclear whether the cap-
tured CDN dimer in the inward-open state represents the actual form
in which CDNs are transported by hSLC19A1 or just a potential sub-
strate binding mode, since CDNs are not located in the typical pocket
of SLC proteins”. Therefore, whether CDNs are transported in the
dimeric form remains an open question®, Further structural studies of
hSLC19A1 in complex with different substrates at the outward-open
conformation are warranted to fully elucidate the transport cycle and
diverse substrate recognition mechanisms of hSLC19Al, thereby
advancing understanding of its physiological roles and potential
therapeutic implications.

Results
Protein engineering for structure determination
Previously reported hSLC19AL1 structures all exhibit the inward-open
conformation, suggesting that purified hSLC19A1 may have a pre-
ference for this state in vitro. To capture hSLC19Al1 in other con-
formations, we sought to systematically introduce mutations at the
NTD-CTD interface aimed at destabilizing the inward-open state
without affecting the substrate recognition tunnel. By taking advan-
tage of our previously isolated inward-open specific antibody to
hSLC19A1 (mAb70#)>, we were able to efficiently distinguish the
conformation of each mutant in cells using flow cytometry, rather than
going through tedious purification and structure determination pro-
cedures for each sample (Fig. 1a). In addition, we also generated two
conformation-unspecific antibodies recognizing linear epitopes as
control antibodies, mAb5# and mAbé6#, targeting the disordered
N-terminal tail and intracellular loop between TM6 and TM7 (IL6-7),
respectively (Supplementary Fig. 1a). Subsequent flow cytometry
results show that, among multiple mutants tested, the G307F mutation
completely disrupts the binding between hSLC19A1 and mAb70# while
leaving interactions with mAb5# and mAbé6# unaffected (Supplemen-
tary Fig. 1b, c). Size-exclusion chromatography experiments with
purified hSLC19A1*" and hSLC19A1°* further confirm these results
(Supplementary Fig. 1d, e). Consistently, the *H-labelled antifolate
uptake of hSLC19A1%%F is abolished in the cellular uptake assay (Fig. 1b
and Supplementary Fig. 2), highlighting that the G307F mutation may
have trapped hSLC19Al1 in a conformation other than the inward-
open state.

hSLCI19A1 is a relatively small membrane protein and lacks
rigid soluble domains, making it challenging for high-resolution
structure determination. To facilitate cryo-EM reconstructions,
we designed a hSLCI9A1%°7F construct carrying an N-terminal
BRIL domain and a C-terminal specific nanobody (termed
hSLC19A1*™ 7%, Supplementary Fig. 3a), both of which can spe-
cifically bind to a widely used anti-BRIL Fab fragment. In this way,
the subsequent addition of anti-BRIL Fab may bridge the N- and
C-terminus of hSLC19Al1 together, thereby enhancing sample
stability and facilitating cryo-EM particle alignment. It should be
noted that the N- and C-terminal fusions to the wild-type protein
still largely preserve the substrate cellular uptake activity (Sup-
plementary Figs. 2 and 3b), suggesting that the fusion strategy
per se does not significantly affect hSLC19A1 function.

Structure of hSLC19A1 in outward-open state

To verify the conformational details of the engineered protein, we
reconstituted the complex of hSLCI9AI™®F and anti-BRIL Fab
(Supplementary Fig. 3c, d) and successfully determined its cryo-EM
structure at a resolution of 2.94 A (Fig. 1c-e, Supplementary Fig. 3e-i
and Supplementary Table 1). The density is of sufficient quality to trace
the transmembrane regions of hSLC19A1 from residues 24 to 457
(Supplementary Fig. 4a). Some parts of the intracellular loop between
TM6 and TM7 (IL6-7, residues 213-248) and the extracellular loop
between TM7 and TM8 (EL7-8, residues 295-302) were not observed in
the cryo-EM map, possibly due to the dynamic nature of these regions
(Fig. 1d). Interestingly, in contrast to previously reported structures,
the engineered hSLC19A1 adopts an outward-open conformation
(Fig. 1d). In this conformation, TM1 and TM2 tilt away from TM7 and
TMS, exposing the entrance to a large solvent-accessible and highly
conserved cavity that extends more than halfway across the cell
membrane (Fig. 1d and Supplementary Fig. 4b). Characterized by a
narrow extracellular entrance, the upper portion of the cavity extends
toward the NTD and presents an overall negative electrostatic surface
(Fig. 1e). Conversely, the lower half of the cavity contracts and shows
an overall positive charge, consistent with the anionic properties of
CDN and folate (Fig. 1e). On the intracellular side, TM4 and TMS, along
with TM10 and TMI11, snugly interlock to seal the cavity from the
cytoplasm (Supplementary Fig. 4c). Additionally, IL2-3, IL4-5, IL6-7 and
IL10-11 closely associate to further stabilize the outward-open con-
formation (Supplementary Fig. 4c).

Domain-wise alignments between outward- and inward-open
structures of hSLC19A1 show that the alternate access is achieved
through a rocker-switch motion of the NTD and CTD domains. Indi-
vidual NTD and CTD of outward-open hSLC19A1 align well with those
in inward-open state, with root-mean-square deviation (RMSD) values
0f 0.69 A over 168 Ca atoms and 0.71 A over 155 Cax atoms, respectively
(Fig. 1f). Both domains of hSLCI9AL1 rotate relative to an axis perpen-
dicular to the membrane plane by approximately 18°, allowing the
transmembrane regions to remain embedded within the membrane
(Fig. 1g). The highly conserved and functionally important N-terminal
region of IL6-7*® (aa203-aa212), which is tightly embedded in a surface
groove formed by the intracellular ends of TM2, TM3, TM4 and TM11,
also undergoes relative motion to accommodate the movement of
CTD in the outward-open state (Supplementary Fig. 4d). In the current
outward-open conformation, three pairs of hydrogen bonds (GIn150-
Ala324/Val327 and Argl57-GIn377) and a set of hydrophobic interac-
tions (Phel41-Ala388-Phe400), presumably contribute to the closure
of the intracellular gate (Fig. 1h, i). Interestingly, structural super-
imposition with the inward-open structure reveals dramatic con-
formational changes in Phel4l, GIn150 and Argl57, which would
disrupt the intracellular gate and trigger the closure of the extra-
cellular gate as well as the release of substrates (Fig. 1i and Supple-
mentary Fig. 4e). To validate these structural observations, we
substituted these gate residues and assessed the cellular uptake of
3H-labelled antifolate in SLCI9417" Hela cells stably expressing either
wild-type or mutant hSLCI9A1. The F141S and R157A substitutions
nearly abolish antifolate uptake, Q150A, A388S and F400S reduce
antifolate uptake by about 70-80%, and Q377A decreases the activity
by around 25% (Fig. 1j, Supplementary Figs. 2 and 4f).

Our structure also provides a detailed explanation of why the
G307F single point mutation drives conformational changes (Supple-
mentary Fig. 1b, ¢). In the inward-open hSLC19A1 structure, Gly307 on
TMS8 forms a hydrogen bond with the carbonyl group of GIn172 on TM5
(Supplementary Fig. 4g). However, by wedging into the lateral inter-
face between NTD and CTD, Phe307 disrupts the hydrogen bond and
stacks with GIn172 to lock the outward-open conformation (Supple-
mentary Fig. 4g). To check whether substitutions of Gly307 with resi-
dues of different side chain sizes can enable hSLC19A1 in alternative
intermediate states of the transport cycle, we further generated
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G307W, G307S, and G307A mutations. Cryo-EM analysis shows that
G307W and G307S both adopt the same outward-open structures as
observed with G307F, while a smaller side chain mutation G307A
maintains the inward-open conformation similar to the wild-type
protein (Supplementary Fig. 4h). These results suggest that the out-
ward- and inward-open conformations likely represent two relatively

stable states of the SLC19A1 transport cycle.
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Recognition of 5-MTHF and MTX in outward-open state

While previous studies have provided insights into the interaction
pattern of inward-open hSLC19A1 with folate and antifolate, a com-
prehensive understanding of the transport cycle of these substrates
necessitates further structural elucidation. Therefore, using the
aforementioned engineering strategy, we determined the cryo-EM

structures of outward-open hSLC19A1 in complex with the reduced
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Fig. 1| Cryo-EM structure of outward-open hSLC19Al. a Schematic diagram of
the antibody-facilitated strategy for identifying conformationally altered hSLC19A1
mutants. b *H]-MTX uptake assays using SLCI9AI”~ Hela cells stably expressing
either WT hSLC19A1 or G307F mutant. Data were normalized to WT and are
mean = s.e.m. of n =4 biologically independent experiments. Statistical analysis was
performed using two-tailed unpaired Student’s t-tests. EV, empty vector; WT, wild
type. ¢ Cryo-EM density map of outward-open hSLC19AL1. d The overall structure of
outward-open hSLC19A1. The N- and C-terminal domains (NTD and CTD) are
coloured in blue and yellow, respectively. e Cut-open side view of the electrostatic
potential surface of the hSLC19A1 outward-open structure. f Domain-wise align-
ments between outward- (blue and yellow) and inward-open (grey) hSLC19A1.

g Rotation of representative TM segments between outward- (blue and yellow) and

inward-open (grey) hSLC19A1 relative to the membrane norm. h Cytosolic bottom
view of the intracellular gate in the outward-open conformation. Key residues are
shown as sticks. i Conformational changes of Phel41 (left), GIn150 (middle) and
Argl57 (right) on the basis of NTD-centered structural superimposition of outward-
(blue and yellow) and inward-open hSLC19A1 (grey). Key residues are shown as
sticks and hydrogen bonds are represented as dashed lines. j [’H]-MTX uptake
assays using SLCI9AI”" Hela cells stably expressing either WT hSLC19A1 or
intracellular-gate residue mutants. Data were normalized to WT and are mean +
s.e.m. of n =4 biologically independent experiments. Statistical analysis was per-
formed using two-tailed unpaired Student’s t-tests. ***P < 0.001, ***P < 0.0001.
Source data are provided as a Source Data file.

folate 5-methyltetrahydrofolate (5-MTHF) and the antifolate metho-
trexate (MTX) at resolutions of 3.43A and 3.44 A, respectively
(Fig. 2a-f, Supplementary Fig. 5 and Supplementary Table 1).

5-MTHF is a predominant natural folate in diet and blood and
plays a crucial role in normal metabolism and development. The well-
resolved density map reveals that 5-MTHF is situated at the polar cavity
in an approximately upright conformation, with its long axis aligned
parallel to the transmembrane helices (Fig. 2a-c, g and Supplementary
Fig. 6a, b). Anchored by hydrogen bonds with Thr49 of TM1and Glu123
of TM4 (Fig. 2h), the pterin moiety of 5-MTHF inserts diagonally into
the upper negatively charged pocket within the NTD (Fig. 2c). The
pterin ring and methyl group establish extensive hydrophobic con-
tacts with Glu45/1le48 of TMI, Leu72 of TM2 and Tyr126 of TM4
(Fig. 2i). Meanwhile, the benzoyl moiety extends downward perpen-
dicular to the plane of the pterin ring, forming a hydrogen bond with
Argl33 of TM4, along with hydrophobic interactions with Tyr126/
Met130 of TM4 and Tyr286 of TM7 (Fig. 2h, i). In addition, the gluta-
mate moiety faces the intracellular side and reaches the positively
charged region (Fig. 2c, h). The -carboxylate group faces the CTD and
interacts with Tyr281 of TM7, Arg373 and GIn377 of TM10, while the y-
carboxylate group turns back towards the NTD and interacts with
Argl33 of TM4 (Fig. 2c, h).

It is noteworthy that SLC19A1 shows a pronounced preference for
reduced folate over folic acid*. Compared to folic acid, 5-MTHF con-
tains an additional methyl group at position Ns (Supplementary
Fig. 6a). Our previous inward-open structure reveals that this extra
methyl group is embedded in a hydrophobic pocket formed by Glu45,
lle48 and Tyr126, thereby enhancing the affinity of 5-MTHF for
hSLC19A1%. Although the overall binding site and interaction mode
between 5-MTHF and the current outward-open hSLC19A1 are similar
to those of the inward-open structure, the detailed conformations of
the pterin ring, benzoyl and glutamate moieties of 5-MTHF exhibit
notable differences (Fig. 2g). Specifically, the pterin ring of 5-MTHF
rotates ~180° with the Ns methyl group serving as the pivot, main-
taining the methyl group within the hydrophobic pocket (Fig. 2g, i).
The benzoyl and glutamate moieties also undergo appropriate
adjustments accordingly (Fig. 2g). These findings highlight the con-
tribution of the Ns methyl group to the reduced folate selectivity
preference of SLC19A1 and indicate that 5-MTHF likely possesses some
degree of flexibility to accommodate the transport cycle.

MTX is a widely used antifolate drug for the treatment of cancer
and autoimmune diseases. Consistent with the 5-MTHF-bound struc-
ture, MTX also adopts an upright conformation and binds within the
central cavity, with the pteridine ring occupying the electronegative
pocket at NTD and the glutamate moiety extending toward the elec-
tropositive region (Fig. 2d-f and Supplementary Fig. 6¢). The interac-
tions between MTX and the outward-open hSLC19A1 are similar to
those of 5-MTHF (Supplementary Fig. 6d, e). Interestingly, in the pre-
viously reported inward-open hSLCI9Al1 structure bound to an N-
hydroxysuccinimide (NHS)-conjugated MTX?, the glutamate moiety
of MTX was covalently linked to Lys411 of TMI11 via NHS-mediated
crosslinking, resulting in a 180° rotation of the glutamate and benzoyl

groups when aligning the NTD of SLCI9A1 of the two structures
(Fig. 2j). These results indicate that the glutamate moiety of antifolate
exhibits high dynamics within the electropositive cavity to accom-
modate the binding and dissociation with hSLC19A1.

The residues lining the binding sites for 5-MTHF and MTX are
highly conserved among vertebrates (Supplementary Fig. 7). To
investigate the contribution of the observed SLC19Al-substrate inter-
actions, we introduced mutations into the corresponding residues of
hSLC19A1 (Supplementary Fig. 2) and examined the effects on cellular
3H-labelled antifolate uptake. The representative substitutions lead to
a substantial reduction in antifolate uptake, with E123A, R133A and
R373A mutations almost abolishing the activity (Fig. 2k). Furthermore,
the initial-rate analysis confirms the critical roles of representative
residues for folate/antifolate recognition (Supplementary Fig. 4f).

Selective recognition of SLC19A1-specific antifolate PT523
Tumor cells tend to use different types of folate transporters to sustain
the elevated folate levels necessary for their rapid growth. Studies have
shown that SLC19A1 primarily functions in hematologic malignancies
and solid tumors, including acute lymphoblastic leukemia and
osteosarcoma*”?°, In contrast, SLC46A1 (also known as proton-
coupled folate transporter, PCFT), another crucial pathway for folate
and antifolate drug delivery, is prominently expressed in solid tumors,
particularly in breast, lung and ovarian tumor cell lines**'**. The widely
used antifolate drugs, including MTX and pemetrexed (PMX), can be
absorbed by healthy cells through both SLC19A1 and SLC46Al,
resulting in significant cytotoxicity®*. Therefore, selective targeting of
SLC19A1 or SLC46A1 through designer drugs would facilitate more
effective treatments while mitigating cytotoxic effects®.

The y-carboxylate groups of folates and antifolates have been
demonstrated to be important for their uptake by SLCI9A1 and
SLC46A17*, However, PT523, an atypical antifolate featuring a sub-
stituted y-carboxylate (Supplementary Fig. 8a), emerges as an even
more favorable substrate for SLC19A1 while exhibiting minimal trans-
port by SLC46A1***%, To elucidate the SLC19Al-specific recognition
mechanism of PT523, we determined the cryo-EM structure of
outward-open hSLC19A1 in complex with PT523 at a resolution of
325A (Fig. 3a-c, Supplementary Fig. 8b-g and Supplementary
Table 1). The cryo-EM density is of high quality and corresponds well to
the molecular shape of PT523 (Supplementary Fig. 8a, g). An additional
smeared density was also observed near PT523 in the pocket, likely due
to non-specific attachment, which diminishes with decreasing PT523
concentration during cryo-EM sample preparation (Supplementary
Fig. 9a, b). Similar to 5-MTHF, PT523 is tightly embedded in the central
polar cavity with its long axis aligning parallel to the transmembrane
helices (Fig. 3b, ¢ and Supplementary Fig. 9c). The pteridine ring of
PT523 occupies the electronegative pocket of the NTD, forming
interactions with Glu45/11e48/Thr49 of TM1, Leu72 of TM2 and Glul23
of TM4 (Fig. 3d, e). The benzoyl moiety forms hydrophobic interac-
tions with Tyr126/Met130 of TM4 and the carbonyl is hydrogen bon-
ded by Argl33 of TM4 (Fig. 3d, e). The B-carboxylate group faces the
CTD and engages in hydrogen bonds with Tyr281 of TM7 and Arg373/

Nature Communications | (2025)16:3146


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58378-1

a b

NTD
Out ,ursp CTD
, —_— P
5-MTHF) \1
Nanodisc

hSLC19A1 |

d e

MTX
Nanodisc

hSLC19A1

Fig. 2 | Cryo-EM structures of outward-open hSLC19A1 in complexes with
5-MTHF and MTX. a, d Cryo-EM density maps of outward-open hSLC19A1 bound to
5-MTHF (a) and MTX (d). b, e The overall structures of outward-open hSLC19A1
bound to 5-MTHF (b) and MTX (e). The NTD and CTD are coloured in blue and
yellow, respectively. 5-MTHF and MTX are shown as a space-filling representation
and are coloured in cyan and wheat, respectively. ¢, f A cut-open side view of the
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and outward-open hSLC19A1 (grey). Key residues are shown as sticks and hydrogen
bonds are represented as dashed lines. i Hydrophobic interactions between
5-MTHF (sticks; cyan) and outward-open hSLC19A1 (grey). Key residues are shown
as sticks and dots. j Different conformations of the MTX in the outward-open
(wheat) and inward-open state (grey) on the basis of NTD-centered structural
superimposition. k PH]-MTX uptake assays using SLCI9A1"~ Hela cells stably
expressing either WT hSLC19A1 or folate-binding pocket mutants. Data were nor-
malized to WT and are mean * s.e.m. of n = 4 biologically independent experiments.
Statistical analysis was performed using two-tailed unpaired Student’s t-tests.
***P < 0.001, ***P < 0.0001. Source data are provided as a Source Data file.

GIn377 of TMI10 (Fig. 3c, d). Remarkably, the y-substituted hemi-
phthaloyl group delves into a distinct pocket within the NTD at the
bottom of the central cavity (Fig. 3¢, f, g and Supplementary Fig. 9d).
The aromatic ring is supported from below by Tyr136 of TM4 and is
flanked on both sides by hydrophobic interactions with the side chains
of Argl33 of TM4 and Vall60 of TM5 (Fig. 3f, g). Furthermore, the
carbonyl and carboxyl are further stabilized by Argl133/Ser137 of TM4
and Argl57 of TMS through hydrogen bonds (Fig. 3f, g). Thus, these
additional contacts appear to contribute to the high transport activity
of PT523. In addition, the existence of the specific and conserved
pocket (Supplementary Fig. 7), lined by Argl33, Tyr136, Ser137, Argl57
and Vall60, provides structural insights into the preference of SLC19A1
for antifolates with y-carboxylate modifications over those with [3-
carboxylate modifications™.

In contrast, in the recently solved SLC46A1-PMX outward-open
structure, PMX binds at the base of the polar cavity in an orientation

nearly parallel to the membrane plane®. The pyrimidine moiety of
SLC46Al-bound PMX resides in a negatively charged cavity within the
CTD, while the glutamate group extends toward the NTD with the y-
carboxylate group nestled in a positively charged pocket (Supple-
mentary Fig. 9e). Consequently, SLC46A1 ligands must establish an
appropriate distance between the ring and the y-carboxylate group to
adapt to the minimal distance (-16 A) of the functional groups within
the binding site®®*. The length of the long axis of PT523 (-23A)
exceeds the capacity of the substrate pocket of SLC46Al1, thus the y-
substituted hemiphthaloyl group will apparently create significant
steric hindrance with the positively charged pocket within the NTD
(Supplementary Fig. 9¢, e). Taken together, the additional interactions
of PT523’s hemiphthaloyl group with SLC19A1, coupled with its steric
hindrance with the positively charged pocket of SLC46A1, may con-
tribute to the high affinity and substrate selectivity preference of
PT523 for SLC19AL. These results provide new clues for the design of
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Fig. 3 | Cryo-EM structure of outward-open hSLC19A1 in complex with PT523.
a Cryo-EM density map of outward-open hSLC19A1 bound to PT523. b The overall
structure of outward-open hSLC19A1 bound to PT523. The NTD and CTD are
coloured in blue and yellow, respectively. PT523 is shown as a space-filling repre-
sentation and is coloured in salmon. ¢ A cut-open side view of the electrostatic
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potential surface of outward-open hSLC19A1 bound to PT523. d, f Hydrogen
bonding interactions between PT523 (sticks; salmon) and outward-open hSLC19A1
(grey). Key residues are shown as sticks and hydrogen bonds are represented as
dashed lines. e, g Hydrophobic interactions between PT523 (sticks; salmon) and
outward-open hSLC19A1 (grey). Key residues are shown as sticks and dots.

next-generation antifolate drugs with enhanced transporter specificity
and reduced side effects. Moreover, besides serving as delivery sys-
tems for antifolate drugs, SLC19A1 and SLC46Al also represent
attractive targets for modulating folate uptake in tumor cells. A com-
parative analysis of substrate binding modes between SLCI9A1 and
SLC46A1, both in their outward-open conformation, will likely provide
a framework for the rational design of specific exofacial inhibitors
aimed at blocking folate uptake in different tumor types, as the sub-
strate binding pocket of the outward-open conformation is readily
accessible on the extracellular surface®°.

Recognition of CDN monomer in outward-open state
In our previously reported hSLC19A1-CDN inward-open structures,
CDNs were observed to bind as a compact dual-molecule unit near the
intracellular side of hSLCI9A1, even at low CDN:transporter molar
ratios”. However, the compact CDN dimer does not bind within the
canonical substrate cavity of SLC proteins and is likely to hinder clo-
sure of the intracellular gate of hSLC19A1 due to its numerous inter-
actions with gate residues (Supplementary Fig. 11a). Therefore, the
CDN dimer may only represent a potential substrate binding mode,
and it remains unclear whether CDNs are transported by SLC19A1 in
such a dimeric form. To further understand the precise transport
mechanism of CDNs by SLCI9A1, we determined the structure of
outward-open hSLC19A1 bound to a representative CDN-type drug, 2
3’-CDAS, at a resolution of 3.34 A (Fig. 4a-c, Supplementary Fig. 10 and
Supplementary Table 1).

2'3-CDAS represents one of the most extensively evaluated syn-
thetic CDN-type drugs which consists of two AMP moieties connected by
2’-5'/3’-5' mixed linkages with bisphosphothioate substitutions (Supple-
mentary Fig. 10f). The cryo-EM density is of good quality to distinguish
2’-5" and 3’-5’ phosphodiester bonds and different chemical groups

(Supplementary Fig. 10g). Intriguingly, in contrast to inward-open
structures, only one 2'3-CDAS molecule binds within the canonical
substrate cavity of hSLC19A1 (Fig. 4a-d). Positioned within the central
canonical cavity of hSLC19A1, 2’3"-CDA® monomer adopts a U-type
conformation (Fig. 4a-d). The sugar-phosphate ring faces the intracel-
lular side and wedges diagonally into the positively charged region of the
cavity, with the 3’-5” thiophosphate interacting with Lys411 of TMI11 and
the 2’-5" thiophosphate interacting with Tyr281 of TM7 (Fig. 4d and
Supplementary Fig. 11b). Moreover, the free 3’-OH is held in place by a
hydrogen bond with Argl33 of TM4 (Fig. 4d and Supplementary Fig. 11b).
Consistent with the orientation of the sugar-phosphate ring, the 2-5’ side
adenine base occupies a lower position and is tightly packed to the NTD
by hydrophobic interactions with Leu72 of TM2 as well as Tyr126/Met130
of TM4 (Fig. 4d). On the other hand, the 3’-5’ side adenine base is located
at a higher position by interacting with His289 of TM7 in the CTD and is
almost perpendicular to the 2-5" side adenine base (Fig. 4d). The back-
bones of 2'3"-CDAS-bound hSLC19A1 align well with those in substrate-
free and folate-bound structures, with the side chains within the cavity
exhibiting reasonable adjustments to adapt different type of substrates
(Supplementary Fig. 11c, d).

To verify the importance of residues involved in CDN recognition,
we assessed the effect of hSLCI9A1 mutants on extracellular CDN-
mediated STING pathway activation by cellular assays (Fig. 4e and
Supplementary Fig. 2). In SLCI9A17~ THP-1 cells stably expressing WT or
mutant hSLC19A1, /IFNBI mRNA production levels induced by extra-
cellular 2’3-cGAMP are reduced to varying extents by representative
mutations (Fig. 4e). In particular, substitutions of Argl33, His289 and
Lys411 to alanine nearly abolish STING pathway activation (Fig. 4e).
Direct measurement of intracellular 2’3’-cGAMP accumulation* using
the cGAMP ELISA Kit further confirms the importance of Argl33, His289
and Lys411 in CDN recognition and cellular uptake (Fig. 4f).
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Fig. 4 | Cryo-EM structure of outward-open hSLC19A1 in complex with 2’3’
CDA?S. a Cryo-EM density map of outward-open hSLC19A1 bound to 2'3-CDAS.

b, The overall structure of outward-open hSLC19A1 bound to 2'3’-CDAS. The NTD
and CTD are coloured in blue and yellow, respectively. 23’-CDAS is shown as a
space-filling representation and is coloured in green. ¢, A cut-open side view of the
electrostatic potential surface of outward-open hSLC19A1 bound to 2’3’-CDAS.

d Hydrogen bonding and hydrophobic interactions between 2'3"-CDAS® (sticks;
green) and outward-open hSLCI19A1 (grey). Key residues are shown as sticks and
dots, and hydrogen bonds are represented as dashed lines. e SLCI9A417~ THP-1 cells
stably expressing either WT hSLC19A1 or CDN-binding-pocket mutants were
exposed to 2’3’-cGAMP. The induction of /FNBI mRNA was measured by
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quantitative PCR with reverse transcription (RT-qPCR). Data are mean + s.e.m. of
n =4 biological replicates. Statistical analysis was performed using two-tailed
unpaired Student’s t-tests. f, h 23’-cGAMP (f) and [*H]-MTX (h) uptake assays using
SLCI9AI”" Hela cells stably expressing either WT hSLCI9A1 or mutants of folate-
binding and CDN-binding pocket. Data were normalized to WT and are mean +
s.e.m. of n =4 biologically independent experiments. Statistical analysis was per-
formed using two-tailed unpaired Student’s t-tests. **P < 0.01, **P < 0.001,

**p < (0.0001. Source data are provided as a Source Data file. g Structural super-
imposition of 5-MTHF (cyan) and 2'3’-CDAS (green) bound in the canonical sub-
strate pocket of the outward-open hSLC19A1.

Distinctive interaction strategies for folate and CDN

Although both folate/antifolate and CDN occupy the canonical sub-
strate cavity of the outward-open hSLCI9Al, their interaction details
differ significantly (Fig. 4g). The pterin moiety of 5-MTHF occupies the
upper negatively charged pocket within the NTD, and the glutamate
moiety extends to the intracellular side and reaches the positively
charged region (Fig. 4g). Despite sharing partial structural similarities
with the pterin group of 5-MTHF (Supplementary Figs. 6a and 10f), the
adenine bases of 2/3’-CDAS’ occupy lower positions and establish con-
tacts with both domains instead of fitting into the negatively charged
pocket of the NTD as folate does (Fig. 4g). Structural superimposition
reveals certain overlap between the 2’-5" side adenine base of 23-CDAS
and the benzoyl moiety of 5-MTHF (Fig. 4g), and therefore, not sur-
prisingly, the two types of substrates may compete with each other in
cellular uptake processes. Mutations of residues involved in the
interaction of hSLCI9A1 with both CDN and folate (e.g., Argl33)
markedly reduce the uptake of both types of substrates (Fig. 4f, h,
Supplementary Figs. 2 and 4f). However, mutations targeting CDN
pocket-specific residues (e.g., His289 and Lys411) almost abolish CDN
uptake while only mildly affecting folate uptake, highlighting the
specific role of these residues in CDN recognition (Fig. 4f, h, Supple-
mentary Figs. 2 and 4f). These findings lay the groundwork for the
development of SLC19A1-specific inhibitors that selectively block CDN
uptake without significantly affecting folate, which will be constructive
in the treatment of autoimmune diseases.

Recognition of exported organic anion in outward-open state
As an antiporter, SLC19A1 mediates the import of folates or CDNs by
coupling the export of organic anions such as ATP, ADP, AMP, 5-

aminoimidazole-4-carboxamide ribotide monophosphate (ZMP), and
glucose 6-phosphate (G6P)*°. Among these, thiamine pyrophosphate
(TPP) stands out as one of the preferred coupled substrates of
SLC19A1, binding to inward-open SLCI9Al in a manner similar to
folates (Supplementary Fig. 1le)”. To understand how SLCI19A1
recognizes the exported organic anion in its outward-open con-
formation, we further determined the cryo-EM structure of outward-
open hSLCI9A1 in complex with TPP at 3.74A (Supplementary
Fig. 11f, g and Supplementary Table 1). The pyrimidine ring of TPP
aligns well with the density at the folate pocket and its interactions
with SLC19A1 are similar to those of pterin ring in 5-MTHF (Supple-
mentary Fig. 11h, i and Fig. 2h, i). However, the thiazolium ring and the
pyrophosphate moiety remain unresolved due to the weak densities
(Supplementary Fig. 11h). After the intracellular release of substrates in
the inward-open conformation, organic anions bind to the inward-
open SLC19A1, triggering the transporter to switch to its outward-open
conformation, which drives the transport of folates and CDNs (Fig. 5).
It is possible that the affinity of TPP for the outward-open cavity
becomes weaker, facilitating the extracellular release of TPP. Inter-
estingly, our cellular results indicate that the mutation in the folate-
specific pocket (e.g., E123A) significantly reduces the uptake of both
folates and CDNs (Fig. 4f, h and Supplementary Fig. 2), probably
because the mutation affects the recognition of not only folates but
also the coupled organic anions.

Discussion

Originally recognized as a transporter for folate and antifolate, and
recently identified as an immune transmitter transporter, SLC19A1
plays a pivotal role in basal metabolism, antitumor therapy, infection
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and immunopathology. Although previous works have established a
structural framework for understanding the interaction modes of
folate/antifolate and CDN in the inward-open conformation, further
elucidation of the conformational change, substrate selectivity, and
precise transport mechanism of CDN remain necessary. In the current
work, using an antibody-facilitated screening strategy, we successfully
identified a mutation capable of fixing SLC19Al1 in the outward-open
state and determined the structures of SLC19Al in the substrate-free
state and in complex with different types of substrates. This work also
demonstrates the potential of an antibody-facilitated mutant screen-
ing strategy in elucidating the transport cycle of other SLC family
proteins.

In the outward-open conformation of SLC19A1, TM1 and TM2, as
well as TM7 and TMS, diverge to reveal the extracellular entrance to
the hydrophilic cavity, facilitating substrate access and binding.
Hydrogen bonds of GIn150-Ala324/Val327 and Argl57-GIn377, along
with hydrophobic interactions of Phel41-Ala388-Phe400, form the
intracellular gates, sealing off the cavity from the intracellular side.
Notably, structural superimposition reveals that Phel41, GIn150 and
Argl57 undergo dramatic conformational changes during the trans-
port cycle, which would open the intracellular gate and trigger the
intracellular release of substrates. In addition to the conformational
changes during the transport cycle, the 5-MTHF-, MTX- and PT523-
bound structures also shed light on the molecular mechanisms
underlying substrate preference for SLC19A1 (Fig. 5). Remarkably,
SLC19A1 NTD forms a specific pocket at the bottom of the cavity, lined
by Argl33, Tyr136, Ser137, Argl57 and Vall60, to accommodate the y-
substituted hemiphthaloyl group of PT523. However, comparison with
the recently determined outward-open structure of SLC46A1%,
another folate transporter, reveals a potentially strong steric hin-
drance between the cavity of SLC46Al and the y-carboxylate mod-
ifications of PT523. Given the different expression levels of SLC19A1
and SLC46A1 in different tumor types, the integration of current
molecular insights may accelerate the development of novel anti-
folates targeting specific transporters with minimized side effects.

Different from inward-open structures, the 23’-CDAS-bound
outward-open structure shows that only one CDN molecule binds
within the canonical cavity of SLC19A1 in a U-shaped conformation.
The detailed binding pattern of CDN differs significantly from that of
folate/antifolate, despite of sharing some similarities in chemical
structure (Fig. 5). Specifically, CDN is sandwiched between the two

domains of SLC19A1 at the positively charged position, whereas folate
and antifolate interact more prominently with the NTD, with the pterin
moiety extending into the upper negatively charged pocket. Through
systematic mutant analysis, we identified that mutations targeting
CDN-specific residues (e.g., H289A and K411A) nearly abolish SLC19A1-
mediated CDN uptake while only slightly affecting folate/antifolate
transport. These results highlight the distinctive recognition strategies
of SLC19A1 for different substrate types, and provide critical insights
for the development of potential small molecule drugs with selective
regulatory activity for CDN and folate uptake processes. Inspired by
the CDN-bound outward-open cryo-EM structure, we performed
molecular docking and found that CDN may also be able to bind as a
monomer to the canonical cavity of inward-open SLC19A1 (Supple-
mentary Fig. 11j). The calculated binding free energy suggests that CDN
binds to this pocket with low affinity (Supplementary Fig. 11k), which
probably facilitates the release of substrates into cytoplasm and also
makes it challenging to capture the inward-open structure with CDN
monomer bound within the canonical pocket. Taken together, the
structural, cellular and computational results indicate that CDN can be
transported in its monomeric form by SLCI9A1 via a canonical
mechanism of SLC family proteins (Fig. 5).

Considering thatin our previously reported SLC19A1-CDN inward-
open structures®, the compact CDN dimer binds in a non-canonical
pocket near the intracellular side and probably hinders the efficient
intracellular release of CDN due to stronger interactions, the CDN
dimer captured in these structures may not represent an effective
transport unit of SLC19A1. On the other hand, given that CDN dimer or
oligomer exhibits dynamic behavior in solution and plays important
roles in other biological processes****, and that CDN can bind as a
dimer even at low CDN:SLC19A1 molar ratios, it is reasonable to
speculate that the dimer-bound conformation may represent a sub-
strate binding mode of SLC19A1 with potential regulatory functions.
Further studies will be required to determine whether this dimeric
binding state functions in different immune activation or suppression
scenarios. In addition, the non-canonical dimeric binding mode may
also provide an unexpected avenue and strategy for the design of new
classes of SLC19A1-specific drugs (Fig. 5).

In summary, the data elucidated in this study reveal the molecular
basis for the transport mechanism and substrate preference of
SLC19A1, establishing the framework for the development of anti-
neoplastic and anti-autoimmune drugs.
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Methods

Epitope mapping of SLC19A1 specific antibodies

Monoclonal antibodies targeting human SLC19A1 (hSLC19A1) were
screened using single-cell B cell receptor (BCR) sequencing of
antigen-specific cells, following a previously established protocol®.
Approximately 10,000 antigen specific B cells (hSLC19Al-bound
CD3B220°CD19'CD38 GL7" B cells) were isolated from the spleens
and lymph nodes of immunized mice using the BD FACSAria I cell
sorter. These cells were barcoded through the 10x Chromium Single
Cell platform (10x Genomics). The libraries were sequenced on the
Illumina Novaseq X Plus platform in a 150 bp pair-ended manner
(Berry Genomics Corporation). A total of 54 VH and VL sequences
were selected, synthesized, and cloned into mammalian expression
vectors with constant regions of mouse IgG2a heavy chain and k light
chain respectively. The recombinant antibodies were then transiently
expressed in HEK-293T cells using lipo2000 (Thermo Fisher Scien-
tific) according to the manufacturer’s instruction. Culture super-
natants were collected 24 hours post transfection. HEK-293T cells
overexpressing hSLC19A1, mouse SLC19A1 (mSLC19A1) and chimeras
of hSLCI19A1 with specific regions replaced by mSLCI9A1 were
stained with the culture supernatants as the primary antibodies and
PE goat anti-mouse IgG (BioLegend) as the secondary antibody.
Epitope mapping of the recombinant antibodies was performed
using western blot and flow cytometry on an Attune NXT Flow Cyt-
ometer (Thermo Fisher Scientific). The monoclonal antibodies
(mAb70#, mAb5#, and mAbé# targeting different binding epitopes)
were produced in HEK-293F Human Embryonic Kidney cells and
purified using a protein A agarose prepacked column.

Antibody-facilitated screening of conformationally altered
hSLC19A1 mutations

The DNA sequences encoding engineered mutants of hSLCI9AL,
designed to be locked in different conformations, were cloned into a
modified pTT3 vector containing a GFP reporter gene linked with an
IRES sequence. HEK-293T cells were transfected with these constructs
using lipo2000 (Thermo Fisher Scientific). Following transfection, the
medium was replaced with fresh DMEM supplemented with 10% (v/v)
fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin and
100 pg/ml streptomycin) after 6 hours. After 24 hours, the transfected
cells were collected, labeled with hSLC19A1-specific antibodies tar-
geting different epitopes (mAb70#, mAb5#, and mAb6#) as the pri-
mary antibodies and PE goat anti-mouse IgG (BioLegend) as the
secondary antibody. Flow cytometry screening for outward-open
proteins was conducted using an Attune NxT Flow Cytometer (Thermo
Fisher Scientific).

Cloning, expression and purification of hSLC19A1

The cDNA of hSLCI19A1 (Uniport ID: P41440) was cloned into a mod-
ified PTTS5 vector with a C-terminal 10xHis tag using the ClonExpress Il
One Step Cloning Kit (Vazyme) for overexpressing in HEK-293F. To
facilitate cryo-EM structures determination, the gene encoding BRIL
fragment was fused to the N-terminus of TMI of hSLCI9A1 and the
gene encoding anti-Fab nanobody was fused into the C-terminus of
TMI2 by a helical linker (AEEEKRKAEEEKRK). All mutants were gener-
ated with a standard PCR-based strategy. To produce hSLC19A1 pro-
tein, 0.5 mg hSLC19A1 plasmids were pre-incubated with 1.5 mg PEl in
50 mL Opti-MEM medium at 37 °C. After 20 mins, the mixture was
added drop by drop into 500 mL HEK-293F cells at a density of
2-2.5x10° cells/mL. The transfected cells were cultured for 72 hours
before harvesting by centrifugation. Harvested HEK-293F cells were
resuspended in lysis buffer containing 50 mM Tris-HCI pH 7.5, 300 mM
NaCl, 10 mM imidazole, 5% glycerin and 1mM PMSF. The cells were
disrupted by sonication, and 1% (w/v) n-dodecyl-b-D-maltoside (DDM,
Anatrace) and 0.1% (w/v) cholesteryl hemisuccinate (Anatrace) were
added for protein solubilizing at 4 °C for 2 hours. After centrifugation

(30,000 x g, 30 mins, 4 °C), the supernatant was incubated with nickel
affinity resin at 4 °C for 1 hour, and then the resin was washed with the
washing buffer containing 50 mM Tris-HCI pH 7.5, 300 mM Nacl,
60 mM imidazole, 0.05% (w/v) n-dodecyl-b-D-maltoside (DDM, Ana-
trace) and 0.005% (w/v) cholesteryl hemisuccinate (Anatrace) and 5%
glycerin. The protein was eluted with 50 mM HEPES pH 7.5, 300 mM
NaCl, 400 mM imidazole, 0.05% (w/v) n-dodecyl-b-D-maltoside (DDM,
Anatrace) and 0.005% (w/v) cholesteryl hemisuccinate (Anatrace) and
5% glycerin. The eluted protein was further purified through a Super-
dex 200 Increase 10/300 GL column (GE Healthcare) in the SEC buffer
containing 20 mM HEPES pH 7.5, 150 mM Nacl, 0.01% (w/v) GDN. Peak
fractions were collected and concentrated to ~2 mg/mL.

The hSLC19A1™™-Fab complex assembly

For complex assembly, the purified hSLC19A1™ and anti-BRIL Fab were
mixed on ice at a molar ratio of 1:1.1. After incubation for 20 mins, the
mixture was subjected to a Superdex 200 Increase 10/300 GL column
(GE Healthcare) equilibrated with SEC buffer (20 mM HEPES pH 7.5,
150 mM NaCl and 0.01% GDN) to remove the excess anti-Bril Fab. For
nanodisc reconstitution, hSLC19A1™, MSP1D1, POPG and anti-BRIL Fab
were mixed at a molar ratio of 1:2.1:84:1.1. Detergents were removed by
100 mg/mL Bio-beads with gentle agitation overnight. Subsequently,
the Bio-beads were removed and the nanodisc reconstitution mixture
was loaded onto a Superdex 200 Increase 10/300 GL column equili-
brated with 20 mM HEPES pH7.5 and 150 mM NacCl. Peak fractions
were analyzed by SDS-PAGE and then concentrated for cryo-EM sam-
ple preparation.

Cryo-EM sample preparation and data collection

For apo hSLC19A1 samples, the peak fractions of hSLC19A1®M-Fab in
GDN (20 mM HEPES pH?7.5, 150 mM NaCl and 0.01% GDN) were
concentrated to 8.4 mg/mL. For substrate-bound samples, the peak
fractions of the SLC19A1*™-Fab in nanodisc (20 mM HEPES pH 7.5 and
150 mM NaCl) were concentrated to 10.7 mg/mL and separately
incubated with 5mM 5-MTHF, 8 mM MTX, 5mM PT523, 3mM 2'3"-
CDAS® and 5 mM TPP for 3 h. 3 pL of the protein sample was deposited
onto the glow-discharged holey carbon, 300 mesh R1.2/1.3 Au grids
(Quantifoil). Subsequently, the grids were blotted for 2.5s and
plunged into liquid ethane for quick freezing using the Vitrobot
Mark IV (Thermo Fisher Scientific). All cryo-EM datasets were col-
lected under the dose rate of 9.2e”A2s™ and dose-fractioned into
32 frames, yielding a total dose of 60 e~ A2 by SerialEM* on the Talos
Arctica 200 kV FEG (Thermo Fisher Scientific) with a K2 summit
direct electron elector (Gatan) and a GIF quantum energy filter
(Gatan). The pixel size was calibrated at 0.5A (x130,000) under
super-resolution mode, with the defocus ranging from -0.8 to
-1.5 um. Images were recorded using beam-image shift data col-
lection methods*.

Cryo-EM data processing

3301 micrographs were collected for outward-open apo-
hSLC19A1 structure dataset. Beam-induced motion correction and dose
weighting were performed with MotionCor2". Corrected micrographs
were then imported into cryoSPARC* for contrast transfer function
(CTF) estimation with CTFFIND4*. A total of 2,001,272 particles were
picked and extracted. After two rounds of 2D classification, 854,517
particles with clear features were picked and subjected to the Ab initio
reconstruction. The following two rounds of heterogeneous refinement
yielded 345,903 good particles which resulted in a reconstruction with
an overall resolution of 3.26 A. The particles were then imported into
RELION* for Bayesian polishing, followed by non-uniform refinement
and local refinement in cryoSPARC, which yielded a final reconstruction
to 2.94A resolution. 5-MTHF-bound (6,961 micrographs; 220,166
particles), MTX-bound (2,333 micrographs; 97,106 particles), PT523-
bound (2,082 micrographs; 94,583 particles), 2'3-CDA%-bound
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(5,257 micrographs; 301,880 particles) and TPP-bound (1,389 micro-
graphs; 50,812 particles) datasets were processed using a similar pro-
cedure and yielded reconstructions at 3.43 A, 3.44 A, 3.254, 334 A and
3.74 A respectively. The local resolution estimation was performed to
determine the local resolution of the final map in cryoSPARC.

Model building and refinement

The inward-open hSLC19A1 (PDB: 7XPZ)* was used as initial template
for model building. The NTD and CTD were roughly fitted into the
hSLC19A1 outward-open maps by UCSF Chimera®. After manually
adjustment by Coot”, the resulting model was further refined in
PHENIX®. The atomic model of ligand-bound hSLC19A1 was generated
by several rounds of real space refinement in COOT and PHENIX with
the apo outward-open hSLC19A1 as the initial model. 5-MTHF, MTX,
PT523, 2’3-CDAS® or TPP was fitted into the density using COOT, then
the resulting model was manually rebuilt in COOT and further refined
in PHENIX. The models were validated through evaluation of the Clash
scores, MolProbity scores and statistics of the Ramachandran plots by
PHENIX. All the structural figures were prepared by PyMOL** and UCSF
ChimeraX®.

hSLC19A1 overexpression cell line generation

The experiments were carried out as previously described in ref. 25.
In brief, the DNA sequence encoding human SLC19A1 or its mutants
was cloned into a lentiviral plasmid containing a GFP reporter gene
connected by a 2 A sequence. The mutant-carrying lentiviruses were
produced in HEK-293T cells and used to infect SLCI9AI”~ Hela or
SLCI9AI" THP-1 cells in the presence of 8 png/ml polybrene (Sigma-
Aldrich). After 72 hours of culture, lentiviral-infected cells showing
similar levels of GFP expression were isolated using a BD FACSAria lll
cell sorter (BD Biosciences).

[*H]-labelled antifolate uptake assay

The cellular [*H]-labelled antifolate uptake assay was performed
under published protocols®®. The cell lines were generated as
mentioned above. For uptake assays, 2 x10° WT or SLC19A1 mutant
cells per well were seeded into 24-well plates. After 12 h growth, the
cells were washed twice with 500 uL HBSS buffer at pH 7.4 (Pricella).
The buffer contains 140 mg/L CaCl,, 100 mg/L MgCl,*6H,0, 100 mg/L
MgS0,+7H,0, 350 mg/L NaHCO; and 1000 mg/L D-glucose. The cells
were then incubated with 200 uL HBSS buffer supplemented with
25 nM [*H]-labelled methotrexate (American Radiolabeled Chemicals)
for 10 mins. The uptake was terminated and washed twice by 500 pL
ice-cold HBSS buffer. Lysed by 200 uL 0.2 M NaOH, the amount of
accumulated [*H]-labelled methotrexate was calculated by scintilla-
tion counting in Ultima Gold (Perkin Elmer). For measurement of
the initial uptake rates, the amount of accumulated [*H]-labelled
methotrexate was calculated at 0.5min, 1min, 1.5min and 2 min
respectively.

CDN stimulation assay

The experiments were according to established protocols®. Briefly,
SLCI9AI”~ THP-1 cells stably expressing either wild-type or mutant
hSLC19A1 were seeded in a 24-well plate at a density of 3 x 10° cells per
well in 400 L medium. The cells were then stimulated with 30 uM 2’3"
cGAMP for 3 hours. Cells were collected and total RNAs were extracted
using TRIzol reagent (Thermo Fisher Scientific). Genomic DNA was
removed by DNase I treatment (RQ1, Promega). Reverse transcription
was carried out using M-MLV Reverse Transcriptase (Promega). Real-
time PCR was performed with 1x PowerUp™ SYBR™ Green Master Mix
(Applied Biosystems) according to the manufacturer’s instructions.
The primers used were as follows: B-actin, 5~-ACCGAGCGCGGCTACAG-
3" and 5-CTTAATGTCACGCACGATTTCC-3’; IFNBI: 5-GTCTCCTCCAA
ATTGCTCTC-3’ and 5-ACAGGAGCTTCTGACACTGA-3'. Samples were
analyzed on a QuantStudio Q7 (Applied Biosystems).

Cell based CDN uptake assay

SLCI9AI"~ Hela cells stably expressing either wild-type or mutant
hSLC19A1 were seeded into 24-well plates at a density of 3 x 10° cells
per well and cultured for 12 hours. After being washed twice with PBS,
the cells were exposed to fresh DMEM complete medium containing
50 pM cGAMP for 4 hours. Following this, the cells were washed five
times with PBS, lysed in 100 pL of RIPA buffer (150 mM NacCl, 1% Triton-
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0) onice
for 15 mins, and then centrifuged to remove insoluble material before
cGAMP quantification. The intracellular cGAMP levels were measured
using the Direct 2'3-Cyclic GAMP ELISA Kit (Arbor Assays).

Molecular docking

The binding modes between hSLC19A1 and 2'3’-cGAMP were deter-
mined by using molecular docking method. Structural models of
inward-open (PDB: 7XPZ) and outward-open (PDB: 9JOZ) hSLCI9A1
were set to be rigid in the docking process. The ligand 2'3’-cGAMP was
set to be flexible. The docking process was accomplished by using the
AutoDock Vina software and performed within 25 A x 25 A x 25 A cubes
centered on the center points of the chosen canonical substrate
binding pocket with exhaustiveness set to 32. The results were ranked
based on the lowest binding energy. Structural drawings were gener-
ated using PyMol.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support this study are available from the corresponding
authors upon request. The cryo-EM maps have been deposited into the
Electron Microscopy Data Bank under accession numbers EMD-61690
(outward-open hSLC19A1), EMD-61756 (outward-open hSLCI19Al +5-
MTHF), EMD-61758 (outward-open hSLCI9A1+MTX), EMD-61759
(outward-open  hSLCI9A1+PT523), EMD-61760 (outward-open
hSLC19A1 +2'3’-CDA®) and EMD-61761 (outward-open hSLC19A1+TPP).
The coordinates have been deposited into the Protein Data Bank under
accession numbers PDB: 9JOZ (outward-open hSLC19A1), PDB: 9JRI
(outward-open hSLCI9A1+5-MTHF), PDB: 9JRK (outward-open
hSLC19A1+MTX), PDB: 9JRL (outward-open hSLC19A1 + PT523), PDD:
9JRM (outward-open hSLC19A1+2'3-CDAS) and PDB: 9JRN (outward-
open hSLC19A1+TPP). A source Data file is included with this manu-
script. Source data are provided with this paper.
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