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Summary

Citrate is most well-known as an intermediate in the TCA cycle of the cell. In addition to this
essential role in energy metabolism, the tricarboxylate anion also acts as both a precursor and a
regulator of fatty acid synthesis 1-3. Thus, the rate of fatty acid synthesis correlates directly with
the cytosolic citrate concentration 4. Liver cells import citrate via the sodium-dependent citrate
transporter NaCT (SLC13A5), and as a consequence this protein is a potential target for anti-
obesity drugs. To understand the structural basis of its inhibition mechanism, we have determined
cryo-electron microscopy structures of human NaCT in complex with citrate and with a small
molecule inhibitor. These structures reveal how the inhibitor, bound at the same site as citrate,
arrests the protein’s transport cycle. The NaCT-inhibitor structure also explains why the compound
selectively inhibits NaCT over two homologous human dicarboxylate transporters, and suggests
ways to further improve the affinity and selectivity. Finally, the NaCT structures provide a
framework for understanding how various mutations abolish NaCT’s transport activity in the brain
and thereby cause SLC13A5-Epilepsy in newborns 68,
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Citrate is a major metabolite in the cell that plays multiple physiological roles. It is an
intermediate of the namesake citric acid cycle and essential to oxidative phosphorylation in
the mitochondria. In the cytosol, citrate indicates and regulates the energy status of the cell.
Citrate not only acts as a precursor of de novo fatty acid synthesis, but also activates the first
committed enzyme of this synthesis pathway, acetyl CoA carboxylase 1. Furthermore, citrate
allosterically inhibits phosphofructokinase-1, the rate-limiting enzyme in glycolysis 23
Accordingly, the concentration of citrate in the cytosol directly modulates the rate of fatty
acid synthesis in liver and adipose cells 4°. In addition to this role in metabolism, citrate also
functions as a precursor for acetyl-CoA synthesis needed for histone acetylation, regulating
DNA transcription and replication °.

Besides mitochondria, cytosolic citrate is imported from the blood across the plasma
membrane by the Na*-dependent citrate transporter (NaCT, SLC13A5) 10-12, Knocking
down NaCT expression significantly decreased the lipid content in a liver cell line 13.
Clinically, elevated NaCT expression is observed in patients with obese, non-alcoholic fatty
liver disease (NAFLD), whereas RNAI knock down of NaCT prevents diet-induced NAFLD
in mice 14. Mutations of homologous genes in various species yield dramatic phenotypes
that mimic calorie restriction. MaC7-knockout mice have increased hepatic mitochondrial
biogenesis, higher lipid oxidation and energy expenditure, and reduced lipogenesis, which
taken together protect the mice from obesity and insulin resistance 1°. Furthermore,
inactivation of the NaCT homologs /NDY (/°’m Not Dead Yef) and ceNAC-2in flies and
worms increased lifespan by 15 — 30% 16-18, Finally, citrate import is particularly important
for nutrient uptake in human fetuses and newborns. Mutations in NaCT cause SLC13A5
Epilepsy — a type of early-onset epileptic encephalopathy due to decreased citrate uptake in
the brain -8,

NaCT, along with the low- and high-affinity dicarboxylate transporters, NaDC1 and NaDC3,
are members of the mammalian solute carrier family 13 (SLC13) 1920, The three human
proteins have amino acid identities between 45 — 55% and display distinct expression
patterns, with NaCT being expressed only in the liver, brain and testis. While all three
proteins catalyze sodium-driven carboxylate uptake, NaCT is the major transporter of citrate
11,21 for which the uptake can be enhanced by lithium (Extended Data Figs. 1a&b) 12.

NaCT'’s central role in fatty acid biosynthesis makes it a particularly attractive drug target
for the treatment of obesity, diabetes and cardiovascular diseases through the reduction of fat
storage 1522, Several novel small molecules have been developed as NaCT inhibitors
(Extended Data Figs. 1c&d) 2324, In particular the compound PF-06649298 (PF2) exhibits
high affinity and selectivity for NaCT, although its apparent I1Cs varies with cell types 23:25,
Treating mice with this compound reduced citrate uptake in the liver. The location of the
PF2 binding site in NaCT and the nature of the inhibition mechanism, however, are both
controversial. Transport activity and inhibition measurements show that PF2 — containing a
dicarboxylate moiety — is both a substrate and an inhibitor, entering the cell and exerting
inhibition at the substrate site from the cytosolic side 23-2°, suggesting direct competition
with substrate. On the other hand, electrophysiological evidence suggests that PF2 is a state-
dependent, allosteric inhibitor 2. The structural basis of PF2’s selectivity remains similarly
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uncertain. In contrast to related compounds that inhibit all the three human di- and
tricarboxylate transporters, PF2 is highly selective towards NaCT (Extended Data Figs.
1c&d) 2324, To resolve this ambiguity in PF2 selectivity and inhibition mechanism requires
high-resolution structural information on NaCT.

Currently, there is no structure available for any mammalian SLC13 protein. Information on
the substrate and Na* binding sites has been inferred from the structures of the bacterial
SLC13 homolog from Vibrio cholerae, VCINDY 27-29, \/cINDY is a dimeric protein where
each protomer consists of a scaffold domain and a transport domain. The transport domain
contains two conserved Ser-Asn-Thr (SNT) signature motifs, which both bind Na* and form
major parts of the substrate binding site. Whereas homology models of human SLC13
proteins based on the VCINDY structures have been used to guide mutagenesis experiments
25263031 the Jow sequence identity of 26 — 33% limits the accuracy of such models.

In order to understand the molecular mechanism of human NaCT, as well as PF2’s inhibition
mechanism and selectivity, we have determined its structure in complexes with citrate and
with PF2.

Structure determination of NaCT in complex with citrate

When overexpressed in HEK293 cells, NaCT was able to mediate Na*-driven citrate uptake
(Extended Data Figs. 2a). We first determined its substrate binding affinity and oligomeric
state in detergent solution. In agreement with their roles as substrates and co-substrates,
citrate, succinate and lithium 32:33 all stabilized the solubilized protein in a thermostability
screen 3435 (Figs. 1a, Extended Data Fig. 2b). Purified NaCT bound citrate in detergent
solution, with a Kp of 148 + 28 uM (Extended Data Figs. 2c—e€). Finally, the purified protein
ran as a single, sharp peak with a protein mass of 125 + 2 kDa (Extended Data Fig. 2f),
agreeing with the expected dimer mass of 126.124 kDa.

We set out to determine the structure of NaCT in complex with citrate and sodium using
cryo-EM (Extended Data Fig. 3), with the addition of lithium to increase the protein’s
stability. The NaCT-citrate particles in the ice showed a strong preferred orientation
(Extended Data Figs. 4a&d), yielding a reconstruction from this anisotropic dataset with a
sphericity of ~0.86 36. To overcome the preferred orientation problem, we collected images
from specimens titled at 0°, 20 ° and 40° (Extended Data Figs. 3&4). This strategy allowed
us to obtain a map of NaCT-citrate complex with a nominal resolution of 3.04 A, enabling
direct model building (Fig 1b, Extended Data Figs. 5a—e, Extended Data Table 1).

NaCT dimer structure

The NaCT-citrate structure represents the inward-facing, substrate- and Li*/Na*-bound (C;-
Na*-S) state (Extended Data Figs. 1a&b). NaCT forms a homodimer, and each protomer
consists of a scaffold domain and a transport domain (Fig. 1c, Extended Data Fig. 5f&g), in
agreement with an elevator mechanism proposed for NaCT homolog VcINDY 27:37. The
scaffold domain is formed by transmembrane a.-helices TMs 1 — 4 and 7 — 9, while the
transport domains consists of TMs 5, 6, 10 and 11, as well as the helix hairpins HP;, and
HPgyt (Fig. 1d). Both TM5 and TM10 are broken in the middle of the membrane, with the
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halves of these helices connected by loops L5ab and L10ab, respectively. The N-terminal
half of the protein, from TM2 to TM®, is related to the C-terminal half (TM6 to TM11) by
an inverted repeat pseudo-symmetry (Fig. 1d) 37. Finally, density for one glycan unit is
observed connected to Asn562, the only N-glycosylation site in the protein 1. While the
overall fold of NaCT is similar to that of the VCINDY, with the two proteins having a
backbone r.m.s.d. of 1.968 A 27, the structural details are quite different (Extended Data Fig.
6c).

The scaffold domain is stabilized by a number of interactions which allow it to cradle the
transport domain through the reaction cycle 293839, These include the i — ¢ interactions,
hydrogen bonds and salt bridges (Arg102 — Asp398 and Lys107 — Glu305) (Extended Data
Fig. 6f), in addition to numerous van der Waals interactions. Many of these interactions
rigidify the two horizontal “arm” helixes, H4c and H9c, which connect the transport domain
to the scaffold domain 29, Notably, Arg108 is central to the interaction of H4c, H6b and
TM7 (Extended Data Fig. 6f) and, when it is mutated, NaCT’s transport activity is abolished
40, Between protomers, the interface of the two scaffold domains has an area of 2,291 AZ.
Such a large interface area, along with the hydrogen bond at Arg76 — Asp85’ and t — 1t
interaction between Trp408 and Trp408’ from the neighboring protomer, further stabilizes
the two scaffold domains together into a rigid framework.

As with the scaffold domain, NaCT’s transport domain is stabilized by a number of internal
hydrogen bonds and, particularly, 7t — 7 interactions. Presumably, this keeps the domain
rigid and compact for rigid-body movement during substrate translocation. Additional
rigidity comes from prolines in the sequences and, particularly, from interactions between
aromatic side chains. Before a bend in TM6 at Pro259, three aromatic side chains, Phe258,
Phe254 and Phe250 on one side of that helix pack against Trp330 and Phe331 of the scaffold
domain (Extended Data Fig. 6g). On the back side of TM6, Phe256 interact with Trp547
from TM11. Similarly, Phe500 and Phe502 from L10ab pack against TM5a. These clusters
of aromatics stabilize the protein 41 and help to keep hairpins HP;, and HP; and intra-
membrane loops L5ab and L10ab fixed within the transport domain.

In contrast to the extensive networks of interactions within the scaffold and transport
domains, the interface between domains is dominated by small, hydrophobic residues, with
only two apparent hydrogen bonds (Asn249 — Asp334 and Asn249 — Arg333). This results
in a relative smooth interface, and presumably a low energetic barrier to transport domain
movement during substrate translocation.

Substrate-binding sites

In our NaCT-citrate map, at equivalent positions of the two Na* ions in VCINDY 27:28 \weak
densities for Na* ions are seen (Fig. 2). The presence of cations at these positions agrees
with NaCT’s sodium dependent binding of citrate 42. The relatively weak density at each site
is likely due to their partial occupancy by weakly scattering Li*, which has higher affinity
for the Na* sites 12. Na1 is coordinated by the backbone oxygens of Ser136, Trp138, and
Gly226, and the side chain of Asn141, within the clamshell-like structure formed by L5ab
and the tip of HP;,, (Fig. 2a). Located at the symmetry-related clamshell on the C-terminal
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side of the transport domain, Na2 is similarly surrounded by the carbonyls Thr460, Thr463,
and Ala507, and the side chains of Thr460 and Asn465 (Fig. 2b). In agreement with the
assignment of these Na* sites, NaDC3’s affinity for Na* was reduced when residues in the
equivalent region were mutated 30, supporting the role of the second SNT motif in Na*
coordination. Compared with VCINDY 27:28 the Na* coordination in NaCT is different due
to both variations in amino acid sequence and movement of the polypeptide backbone
(Extended Data Fig. 6¢c&e). While NaCT cotransports one substrate with four Na* ions 11,
locations for the remaining two sodium binding sites are not apparent in the map.

In a basic pocket between the Nal and Na2 clamshells in the NaCT-citrate map, a density
which appears to be citrate is found (Fig. 2c, Extended Data Fig. 6a—c). We propose that the
two SNT motifs in SLC13 family (Ser140-Asn141-Thr142 and Ser464-Asn465-Val466 in
NaCT) and their neighboring residues are chiefly responsible for interacting with two
carboxylate moieties. Indeed, mutations of the equivalent residues of the two SNT signatures
in both the human NaDC3 and rabbit NaDC1 proteins led to dramatically reduced transport
activities 3043, Furthermore, we hypothesize that L5ab plays a major role in distinguishing
various tri- and di-carboxylates (Extended Data Figs. 6c&e). Mutating the equivalents of
Thr227, Gly228 and Pro229 of this loop in human NaDC3 reduced the affinities to
dicarboxylates but not of citrate 30. In contrast, the G228A mutant in NaCT displayed less
than 10% of wild-type citrate transport activity 2°. A mutation at the equivalent position in
NaDC3, A254D, causes leukoencephalopathy with dramatically reduced a-KG uptake 44.
Furthermore, a number of SLC13A5-Epilepsy missense mutations -8 are near the citrate
binding site in NaCT, suggesting that these might interfere with substrate binding (Figs. 2d,
Extended Data Fig. 6d).

PF2 binding Site

To understand the NaCT inhibitors’ mechanism and selectivity, we validated the interaction
of PF2 and PF4a with NaCT. Notably, while the protein was thermostabilized by both
inhibitors, the effect of the highly-selective PF2 was much stronger than the less selective
and lower affinity PF4a (Fig. 1a). We subsequently determined a cryo-EM structure of the
NaCT in complex with PF2 (Extended Data Fig. 7, Extended Data Table 1). As with the
NaCT-citrate specimen, the PF2 complex in ice suffered from severe preferred orientation
problems. We therefore employed the same tilting data-collection strategy, determining a
NaCT-PF2 map with a resolution of 3.12 A. The protein structure of the NaCT-PF2 complex
is essentially identical to that of the NaCT-citrate complex, with an r.m.s.d for all non-
hydrogen protein atoms of 0.624 A.

In the NaCT-PF2 map, a PF2 molecule occupies the substrate-binding site of each
transporter protomer, with its carboxylate moieties located at the citrate site (Figs. 3a&b,
Extended Data Fig. 8c—f). Similar structures of NaCT’s Nal and Na2 sites in both PF2 and
citrate structures are observed (Extended Data Fig. 8g), indicating that sodium is required
for PF2 binding. The carboxylate binding residues generally overlap with the binding site of
citrate, coordinate by the side chains of Ser140, Asn141, Thr142, Ser464, Asn465, and
Thr508 (Fig. 3d). The middle hydroxyl group interacts with Thr227 and the backbone
nitrogen of Gly228 (Extended Data Fig. 8e). At the other end of PF2, the isobutyl group
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interacts with a cavity on the cytosolic surface of the scaffold domain, lined by Leu56 from
TMS3, and Pro407, Gly409, and Ile410 from TM9b (Figs. 3b&d, 4a, Extended Fig. 8f). The
benzene ring of PF2 interacts with 11e410 and mutating that residue to valine shifts the 1Cgg
to ~20 uM (Fig. 4b, Extended Data Fig. 8h).

Mechanism of PF2 inhibition and its selectivity

Our observation of overlapping binding sites for PF2 and citrate is consistent with the
competitive inhibition mechanism previously proposed 23-25, While Trp399’ caps the PF2
binding cavity and restricts any movement of the molecule along its long axis (Figs. 3c&d),
the arc formed by Leu56, Ala57, Pro407, Gly409 and 1le410 from the scaffold domain limits
the transport domain’s movement towards the extracellular space (Fig. 4a, Extended Data
Fig. 8f). We propose these interactions of PF2 with the scaffold domain block the sliding
movement of the transport domain necessary to return the transporter to the outward-facing
conformation. Simultaneously, PF2 binding prevents sodium release and stops the Ci-Na*-S
to Cj-Na* state transition (Extended Data Figs. 1a&b). Thus, the transporter’s reaction cycle
is arrested by PF2 in the C;-Na*-S state (Fig. 4d), resulting in inhibition.

The NaCT-PF2 structure also explains the selectivity of PF2 for NaCT over the two human
dicarboxylate transporters, NaDC1 and NaDC3 23-25, The PF2-interacting residue Gly409 in
NaCT is an asparagine at the equivalent position in both NaDC3 and NaDC1 (Fig. 4c).
Similarly, the Ala57 of NaCT is replaced by Ser60 in NaDC3. At both positions, these larger
side chains in NaDC3 and NaDC1 would sterically clash with the isobutyl group of PF2,
thereby reducing PF2 binding and inhibition. In agreement with this model, neither PF4 nor
PF4a — with either a smaller or no moiety at the isobutyl position — show a strong
preference for any of the three SLC13 transporters (Extended Data Figs. 1c&d). Our model
predicts that mutating Gly409 in NaCT to a asparagine, as found in NaDC1 and NaDC3,
should significantly reduce its inhibition by PF2. However, as the G409N mutant of NaCT
retained less than 10% of the wildtype transport activity 2%, we tested this hypothesis with
the glycine to glutamine mutant instead. In G409Q transfected HEK?293 cells, the I1C5q of
PF2 was found to increase by 60-fold, from 5 uM to 300 uM (Fig. 4b), without
compromising transport activity (Extended Data Figure 8h). This observation supports the
notion that the interaction of the isobutyl group of PF2 with this pocket make the molecule
selective towards NaCT.

Discussions

The NaCT-PF2 complex structure explains the varying selectivity of the inhibitors for NaCT
versus NaDC1/NaDC3. The difference in selectivity of PF2 and PF4a must arise from their
modified ring structures, as their citrate mimicking moieties are the same (Extended Data
Fig. 1c). The isobutyl group of PF2 sterically prevents it from binding NaDC1 or NaDC3,
explaining the 200-fold difference in 1Cs5q. Furthermore, the rugged PF2 binding pocket
suggests that further modifications on the PF2 structural scaffold may improve inhibitor
affinity and selectivity (Fig. 3c). In particular, the inhibitor molecule can be modified at the
isobutyl position to improve both van der Waals and hydrophilic interactions.
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Finally, these structures allow us to understand how SLC13A5-Epilepsy mutations hinder
NaCT’s activity 6-8. For the over 40 mutations identified, their cellular localization and
biochemical analysis has suggested two pathogenesis types 8: Type | mutations affect the
localization and proteolytic susceptibility of the protein, while Type |1 directly abolishes
transport activity. Now we can further subdivide each type based on their location and
apparent biophysical mechanisms (Fig. 2d, Extended Data Fig. 6d). Within the Type |
mutations, Type la are nonsense or frame shift mutations which result in incomplete protein
molecules (Extended Data Table 2). Type Ib mutations, although producing full length
proteins. are hypothesized to destabilize the transporter. For example, the Y82C mutation’s
change in side chain volume may prevent dimer formation and therefore hinder transport. Of
the Type Il mutations, those close to the citrate and Na* binding sites (I1a) are expected to
alter substrate or cation affinity. Finally, Type Ilb mutations are located at the interface
between the scaffold and transport domains and likely obstructs the conformational changes
necessary for substrate translocation. Whereas these mutations all abolish citrate uptake,
causing SLC13A5-Epilepsy by reducing cellular energy supply and altering neurotransmitter
synthesis, their pathogenic mechanisms are distinct and therefore each type will require a
unique therapeutic strategy.

Overexpression

Baculovirus bearing the wildtype NaCT gene with an N-terminal decahistidine-TEV tag
were prepared using the Bac-to-Bac system and amplified in the S. frugiperda Sf9 cell line.
Protein was expressed by infection of 7. 7/BTI-Tn-5B1-4 cell line at 27 °C for 72 hrs. In
parallel, the overexpression of the NaCT gene with an N-terminal EGFP tag in HEK293
cells was monitored using confocal microscopy.

Whole cell transport assay

HEK-293 cells (ATCC CRL-1573) were seeded in 24-well plates (PerkinEImer #1450), with
~120,000 cells per well. The following day, the cells were transfected with NaCT in a
pNGFP vector, containing a N-terminal GFP tag. Transfection was accomplished using
Lipofectamine LTX reagent (Invitrogen) according to manufacturer protocol, with 300 ng
DNA and 0.66 pL Lipofectamine per well.

Approximately 48 hours after transfection, [14C]-citrate uptake experiments were carried out
based on previously published studies 2325, Cells were washed with a buffer containing 140
mM NaCl, 2 mM KCI, 1 mM MgCl,, 1 mM CaCl, and 10 mM HEPES, with pH adjusted to
7.4 using 1 M Tris solution. The wash buffer was removed and replaced with the same buffer
containing PF2 at the indicated concentration for 15 min. This buffer was then removed and
replaced with buffer containing the same concentration of PF2 and 500 uM total citrate,
including 20 uM [14C]-citrate (PerkinElmer #NEC160) for 30 min. For transport kinetics
assay, cells were washed with citrate-free buffer as above, then incubated in buffer
containing the indicated total citrate concentration including 3% [*4C]-citrate for 15 min.
Following incubation, the [14C]-citrate buffer was removed and cells were washed 3 times
with 0.6mL ice-cold buffer containing 140 mM choline chloride, 2 mM KCI, 1 mM MgCl,,
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1 mM CaCl; and 10 mM HEPES, with pH adjusted to 7.4 using 1 M Tris solution. After 3
washes the buffer was completely removed, and 0.5 mL of Ultima Gold XR scintillation
cocktail (PerkinElmer #6013111) was added and mixed on a shaker for 5 min. Counts were
measured using a Wallac 1450 MicroBeta liquid scintillation counter. All steps were carried
out at room temperature.

Thermostabilization assay

A thermostability assay was used to search for compounds that stabilized wildtype NaCT
34,35 BTI-Tn-5B1-4 cells were infected with a baculovirus containing the NaCT gene with
an N-terminal EGFP tag. Cells were harvested as previously and solubilized in a buffer of 50
mM Tris pH 8.0, 200 mM NacCl, 10% glycerol and 1.3% DDM. Solubilized lysates were
incubated with 100 uM of various compounds at 37 °C for 20 minutes, and subsequently
injected onto a Shodex KW804 analytical SEC column (Thomson, Clear Brook, VA) on
HPLC (Shimadzu, Columbia, MA) in a buffer containing 200 mM Na,SO,4, 50 mM Tris 7.5,
3 mM NaN3z and 0.05% DDM. The height of the SEC peaks for the 4 °C and 37 °C controls
were used as references for normalization. The PF2 and PF4a compounds were gifts from
Pfizer Inc.

Protein purification

7. niBTI-Tn-5B1-4 cells expressing wildtype NaCT without a GPF tag were harvested and
lysed in a buffer of 50 mM Tris pH 8.0, 400 mM NaCl, 10 mM LiCitrate and 10% Glycerol.
Membranes were harvested by ultracentrifugation and solubilized in a buffer of 50 mM Tris
pH 8.0, 200 MM NacCl, 10 mM LiCitrate, 10% glycerol and 1.3% dodecyl-maltoside
(DDM). NaCT was subsequently purified on a Ni2*-NTA affinity column. Source data are
provided as a Source Data file.

Fluorescence quenching assay

Tryptophan fluorescence quenching was used to measure affinity of the citrate to purified
NaCT in detergent 4546, NaCT was purified by size exclusion chromatography (SEC) in a
buffer of 20 mM Tris pH 7.5, 100 mM NaCl, 5% glycerol, 10 mM LiCitrate and 0.05%
DDM. Protein was then diluted 10-fold with a buffer of 50 mM Tris, pH 8.0, 200 mM NaCl
and 0.02% DDM, and subsequently concentrated 10-fold in a 100 kD filter. This process
was repeated 3 times to reach a final citrate concentration of 10 uM and a protein
concentration of 5 pM. Using a Horiba FluoroMax-4 fluorometer (Kyoto, Japan) at room
temperature and a 280 nm excitation wavelength, the emission maximum was determined to
be 344 nm. Subsequently, the change in fluorescent emission at 344 nm was monitored with
increasing concentrations of sodium citrate.

Multi-angle dynamic light scattering

The molecular mass of SEC-purified NaCT was measured using multi-angle light scattering
4748 DDM-purified NaCT sample (50 L) was injected onto a Shodex KW803 analytical
SEC column on a Waters HPLC (Milford, MA) and eluted with the buffer containing 0.05%
DDM at a rate of 0.5 mL/min. The mass of the NaCT protein was determined using a Wyatt
miniDAWN TREOS 3 angle-static light scattering detector (Santa Barbara, CA), a Wyatt
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Optilab rEX refractive index detector and a Waters 2489 UV absorbance detector. The
differential refractive index (ah/at) for DDM, 0.128 mL/g, was calculated using the
refractive index detector. The size of the protein—detergent conjugate was deconvoluted
following the published method 4, in which contributions from co-purifying lipids were not
distinguished from those of the detergent.

Amphipol exchange

After Ni2*-NTA column purification PMAL-C8 (Anatrace, Maumee, OH) was added to the
DDM-purified protein at a 1:5 protein:amphipol weight ratio 290, The mixture was
incubated at 4 °C overnight with nutating. To remove detergent, Bio-Beads were incubated
with sample at a 1:100 detergent:Bio-Beads weight ratio for 2 hrs at 4 °C with gentle
agitation. The Bio-Beads were then removed by centrifugation at 4,500 rpm. Samples were
further purified by SEC in buffer containing 25 mM Tris pH 7.5, 100 mM NaCl, 0.1 mM
TCEP and either 10 mM LiCitrate (for NaCT-citrate) or 10 mM LiCl and 100 uM PF2 (for
NaCT-PF2).

Cryo-EM specimen preparation and image processing

All cryo-EM grids were prepared by applying 3 pL of protein at ~0.75 mg/mL to a glow-
discharged UltrAuFoil R1.2/1.3 300-mesh grid (Quantifoil) and blotted for 2.5 to 4 s under
100% humidity at 4 °C before plunging into liquid ethane using a Mark 1V Vitrobot (FEI).

Micrographs of the NaCT-citrate complex in amphipol were acquired on a Titan Krios
microscope with a K2 direct electron detector and an energy filter slit width of 20 eV. The
magnification used was 130,000X, with a super-resolution pixel size of 0.524 A. Leginon 51
was used to target holes with 0 to 100 nm of ice, measured as described previously 52, at
varying specimen tilts 36, resulting in a 1,749, 1,712, 3,445 and 196 micrographs were
collected from 0°, 20°, 40° and 50° tilted specimens, respectively. Each micrograph was
dose-fractioned over 40 frames, with an accumulated dose of 58 e”/A2. On-the-fly data
quality was measured by running MotionCor2 53 and CTFFIND4 54 under control of Appion
55, Images were acquired with image shifts up to 7 pm, with hardware beam tilt correction
enabled in Leginon.

WARP 36 was used for frame alignment and CTF estimation of the NaCT-citrate dataset, and
micrographs with an overall resolution worse than 5.5 A were excluded from subsequent
steps. Micrographs with a specimen tilt angle of 50° were also excluded due to increased ice
thickness and excess particle movement. Initial particle picks from the 20° micrographs were
used as templates for repicking using Topaz °/, yielding 1,151,799 particles from all
micrographs. Particle stacks were uploaded to cryoSPARC 58 and data from the different
specimen tilts were processed separately using 2D classification. Selected particles were
combined for multiple rounds of 3D classification (ab /nitio model generation and
heterogeneous 3D refinement with two or more classes and C2 symmetry imposed). Finally,
a single class of 563,708 particles was selected for nonuniform refinement after signal
subtraction and symmetry expansion to C1. The dynamic mask threshold was systematically
screened to minimize masking artifacts during local refinement, resulting in the 3.04 A map.
Directional Fourier shell coefficient was calculated using a published script 9. Higher order
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CTF aberration correction 9, with or without grouping by image shift, did not improve the
quality of the map. A map was also calculated in cisTEM © following the strategy of Dang
et al. ® for processing anisotropic data, confirming the overall resolution and substrate
densities.

Micrographs of the NaCT-PF2 complex in amphipol were acquired on a Titan Krios
microscope with a K2 direct electron detector. The magnification used was 22,500X, with a
super-resolution pixel size of 0.537 A. Leginon was used for automated data collection of
1,778, 711 and 1,143 micrographs from 0°, 20° and 40° tilted specimens, respectively. Each
micrograph was dose-fractioned over 50 frames, with an accumulated dose of 69 e’/A2. On-
the-fly data quality was monitored by running MotionCor2 23 and CTFFIND4 >* under
control of Appion 5. Images were acquired with image shifts up to 8 um, with hardware
beam tilt correction enabled in Leginon.

For the NaCT-PF2 dataset, WARP was used for frame alignment and CTF estimation, and
micrographs with an overall resolution worse than 5.5 A were excluded from subsequent
steps. Initial particle picks from the 20° micrographs were used as templates for repicking
using Topaz °’, yielding 1,044,228 particles from all micrographs. After multiple rounds of
3D classification (ab initio model generation and heterogeneous 3D refinement with two or
more classes with C1 symmetry) a single class of 600,946 particles was selected for
nonuniform refinement 62, resulting in a 3.18 A map. Imposing C2 symmetry did not change
the resolution or the appearance of the map, so C1 symmetry was chosen. Local refinement
after systematically screening the dynamic mask threshold resulted in the 3.12 A final map.
Higher order CTF aberration correction 80, with or without grouping by image shift, did not
improve the quality of the map. A map was also calculated in cisTEM 62 following the
strategy of Dang et al. 59 for processing anisotropic data, confirming the overall resolution
and PF2 density.

Within the NaCT-citrate complex map, the density for the bound substrate is significantly
weaker than the surrounding protein or the corresponding inhibitor density in the NaCT-PF2
complex map. This is consistent with previous observations that negatively charged moieties
give weaker density than neutral or positively charged groups of a cryo-EM map 83, This is
proposed to be due to electron radiation damage or the charge dependence of electron
scattering 8465, In either case, the triple negative charge of the citrate would exacerbate these
effects.

Model building and refinement

All maps were sharpened using Auto-sharpen Map in Phenix 6, built in Coot 87, and refined
in Phenix real space refine 66, The NaCT-citrate map was sharpened, and the model refined,
to 3.04 A due to apparent anisotropy in the map. Due to weak ligand density in the NaCT-
citrate map, the VCINDY structure (PDB: 5ULD) 28 was used as a reference when orienting
citrate and Na* within the NaCT binding site. All figures were prepared in Chimera 8 and
PyMol 69.
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Extended Data Fig. 1. Kinetic cycle of NaCT and molecular structures of its substrates and
inhibitors.

a, Kinetic cycle and, b, schematic model of the SLC13 transport cycle cycle. Cy: outward-
facing conformation; C;: inward-facing conformation; S: substrate. The number of co-
transported Na* for different SLC13 transporters varies between 3 and 4, but only two are
shown here. All available biochemistry evidence indicates that sodium ions bind before and
release after the substrate. ¢, Molecular structures of the NaCT substrate, citrate, and various
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inhibitors. d, Inhibitory concentrations (ICsp) of inhibitors for NaCT and the dicarboxylate
transporters NaDC1 and NaDC3 23-25, Whereas PF2 is highly selective towards NaCT, PF4
and PF4a inhibit all three human di-/tricarboxylate transporters.
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Extended Data Fig. 2. Purification and functional characterization of human NaCT.
a, Michaelis-Menten plot showing the citrate dependence of Na*-driven radioactive citrate

uptake into HEK293 cells that expressed EGFP-NaCT. HEK293 cells transfected with a
EGFP vector were used as a control. All points include 6 biological replicates from two
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independent experiments, with error bars indicating the standard deviation. Insert:
Representative confocal image of HEK293 cells transfected with the EGFP-NaCT construct,
from four biological replicates. Scale bar indicates 10 um. b, Analytical fluorescence size-
exclusion chromatography (FSEC) of detergent-solubilized cell lysate of Hi5 cells
overexpressing an EGFP-NaCT construct. Peak height represents the protein concentration,
while the peak sharpness indicates the protein homogeneity. The cell lysate was solubilized
in DDM detergent, incubated with various compounds at 37 °C, and loaded onto an
analytical SEC column on HPLC. c, Preparative size-exclusion chromatography (SEC) of
NaCT following Ni2*-NTA affinity purification. d, Representative SDS-PAGE of purified
NaCT, from twenty biological replicates. Source data are provided as a Source Data file. e,
NaCT binding to citrate in detergent solution as measured by tryptophan fluorescence
quenching. All points include three biological replicates, with error bars indicating the
standard deviation. The K4 was found to be 148 + 28 mM. f, Molecular mass measurements
of DDM-purified NaCT using multiangle light scattering. The measured mass of 125 + 2
kDa agrees with the molecular weight of a dimeric NaCT of 126.124 kDa calculated from
the protein sequence.
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Extended Data Fig. 3. Characterization of the NaCT-citrate cryo-EM specimens and flow chart
of image processing.

a, Violin plot showing the distribution of ice thickness in electron micrographs from
specimens tilted at 0°, 20°, 40° and 50°. The plot widths correspond to ice thickness
distribution. Theoretically, the ice thickness at 20°, 40° and 50° tilts would increase from 0°
by 6%, 30% and 56%, respectively. The actual number of electron micrographs with ultra
thin ice (5 nm — 20 nm) decreased significantly with the tilt angle. b, Violin plot showing the
distribution of the average horizontal particle displacements from the first five frames of
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each electron micrograph. The beam-induced particle displacements increased with the tilt
angle. ¢, Violin plot showing the distribution of micrograph CTF fit resolution of the
micrographs. The image quality dramatically deteriorated for those recorded from 50° tilted
specimens. d, Flow chart of image processing of the NaCT-citrate images. Only images
collected from specimens tilted at 0°, 20° and 40° were included in the processing and the
generation of the finals maps.
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Extended Data Fig. 4. Cryo-EM data collection from 0°, 20° and 40° tilted specimens and image
processing of the NaCT-citrate complex.
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a, Orientation distribution of particles from a NaCT-citrate complex reconstruction using
only particles from 0° tilt micrographs. At 0° sample tilt most of the particles are top views
(viewed along the membrane normal). Side views (viewed from within the membrane plane)
are relatively rare. The number of side views and top views differ at three orders of
magnitude, indicating a serious degree of preferred orientation. Orientation distribution of
particles from a NaCT-citrate complex reconstruction using particles from, b, 40° specimen
tilt and, c, all micrographs at 0°, 20° and 40° specimen tilts. With tilting the orientation
distribution of particles becomes much more isotropic, alleviating the preferred orientation
problem. The 30 most populous classes from 2D classification of particles from the, d, 0°
and, e, 40° tilted specimens. The 0° classes are dominated by top-views, with few side- and
oblique-views. In contrast, the 40° micrographs include clear side- and oblique-view classes.
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Extended Data Fig. 5. Structure determination of NaCT-citrate complex.
a, Cryo-EM map Fourier shell coefficient curve of the NaCT-citrate complex reconstruction

using all micrographs. Arrows indicate the nominal map resolution of 3.04 A, based on a
FSC = 0.143 threshold. b, Directional Fourier shell correlation curves of the NaCT-citrate
complex reconstruction. Each purple trace is an individual FSC calculated from a conical
wedge of the overall spherical shell, sampled on a 500-point Fibonacci spherical grid. The
global FSC curve (the yellow trace), as calculated by averaging all directional FSC curves,
also indicates a resolution of 3.04 A. ¢, Mask used for refinement using cryoSPARC. d,
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Local resolution of the map. e, Exemplary cryo-EM densities showing the quality of the
NaCT-citrate model’s chain tracing. All the key helices that are involved in citrate and
sodium ion binding are shown. The density for peripheral helix TML1 is poorly resolved, with
the helix loosely attached to the rest of the protein. f, Model of NaCT dimer. The scaffold
domain and the transport domain in each protomer is colored green and pink, respectively. g,
Model of the NaCT protomer as viewed from the cytosol. C1 symmetry was used for the
image reconstruction and model refinement. The two protomers are identical, with an
r.m.s.d. of 0.002 A.
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Extended Data Fig. 6. Features of the NaCT-citrate structure.
a, Cryo-EM density map around the citrate binding sites. All the densities are shown at the

same contour levels. The density for citrate is colored red. b, Electrostatic surface of the
citrate binding site. The sodium ions at Nal and Na2 were included in the calculations. c,
Overlay of the NaCT-citrate and VcINDY-succinate (5UL7) structures, along with their
respective substrates, shown in green and grey, respectively. d, Locations of the SLC13A5-
Epilepsy missense mutations within the NaCT structure as viewed the cytosol. e, Sequence
alignments of the first SNT motif (left), L5ab — TM5b (center), and second SNT motif
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(right) from SLC13 family proteins and bacterial homologs. The second SNT motif in NaCT
has a sequence of Ser-Asn-Val. f, Interaction of Lys107 and Arg108 on H4c with other
residues on H6b and TM7. g, Aromatic clusters near TM6.
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Extended Data Fig. 7. Cryo-EM data collection from tilted specimens and reconstruction FSC
curve of the NaCT-PF2 complex.

a, Orientation distribution of particles from a NaCT-PF2 complex reconstruction using only
particles from images of 0° tilt specimens. At 0° sample tilt most of the particles are top
views, while side views are relatively rare. The number of side views and top views differ by
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up to three orders of magnitude, indicating a serious degree of preferred orientation.
Orientation distribution of particles from a NaCT-PF2 complex reconstruction using
particles from, b, 40° tilt and, c, all micrographs collected at 0°, 20° and 40° tilts. With
tilting the particle views become much more isotropic, alleviating the preferred orientation
problem. d, Cryo-EM map Fourier shell correlation curve of the NaCT-PF2 complex
reconstruction using all micrographs. e, Cryo-EM map of the NaCT-PF2 complex to 3.12 A
resolution. f, Local resolution of the map. g, Exemplary cryo-EM densities showing the
quality of the NaCT-PF2 model’s chain tracing. All the key helices that are involved in PF2
and sodium ion binding are shown.
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Extended Data Fig. 8. Map and structural model of the NaCT-PF2 complex.
Structure of the NaCT-PF2 complex as viewed from, a, the membrane plane and, b, the

cytosol. c&d, Cryo-EM density map around the PF2 binding sites. All the densities are
shown at the same contour levels. The density for PF2 is colored red. e, PF2 binding site as
viewed from within the transport domain. f, Packing of scaffold domain side chains around
PF2. The scaffold and transport domains are colored green and pink, respectively. Residues
Leu56, Ala57, Gly409 and 11e410 are shown as spheres. g, Overlay of the NaCT-citrate and
NaCT-PF2 structures in green and blue, respectively. The loops enclosing Nal and Na2
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sodium binding sites move by ~1 A, more tightly enclosing both sites in the NaCT-PF2
complex. h, Na*-driven citrate uptake into HEK293 cells transfected with various EGFP-
tagged NaCT mutants. Each point includes three biological replicates, with error bars
indicating the standard deviation. G409Q and 1410V mutants retained wildtype level activity
and were used to measure inhibition by PF2 in Fig 4b.

Extended Data Table 1.

Cryo-EM data collection and structure determination of NaCT

NaCT-Citrate NaCT-PF2
EMDB ID EMD-22457 EMD-22456
PDB ID 7ISK 73S
Microscope Krios-NYU Krios-NYSBC
Magnification 130,000 22,500
Voltage (kV) 300 300
Movies 4,240 3,632
Electron dose (e"A?%) 57.71 69.42
Defocus range (pm) 1.2-17 1.3-2.3

Collection mode

Super-resolution

Super-resolution

Effective pixel size (A) 0.518 0.537
Data processing
Initial number of particles 1,151,799 1,044,228
Final number of particles 563,708 600,946
Symmetry imposed C1 C1
B-factor sharpening (A2)  96.62 50.86
Map resolution * (&) 3.04 3.12
Model refinement
Non-hydrogen atoms 7372 7388
Protein residues 936 936
Ligands 8 8
Mean B factor
Protein (A2) 65.83 26.08
Ligands (A2%) 74.59 28.65
RMS deviations
Bond lengths (A) 0.011 0.008
Bond angles (°) 1.133 1.075
Molprobity score 241 2.67
Clash score 6.57 9.15
Poor rotamers (%) 4.74 7.23
Ramachandran plot
Favored (%) 90.61 90.61
Allowed (%) 9.17 9.17
Outliers (%) 0.22 0.22
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NaCT-Citrate NaCT-PF2

EMDB ID EMD-22457 EMD-22456
PDB ID 7JSK 7JSJ
Model resolution (A) 35 33

*
Resolution determined by Gold-Standard FSC threshold of 0.143.
Extended Data Table 2.

Classification of SLC13A5-Epilepsy mutations

Type Mutations Proposed effect

la E160 " E171fs, R333%, W341 ™ 1367fs, P407fs, G484fs Early termination and frame shift
b P68Q, Y82C, G130D, T145K7‘, G423E7‘, P487L, L488P, L492P  Folding or dimerization defect

lla T142M, GZlng, T227M, P505L Substrate- and Na+-binding defect
1lb C50R, H106R, LlllRf, G417E, S427L, D524H Conformational change defect

.
‘Early termination

f'Mutations that can be classified as more than one type.
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Fig. 1. Biochemical characterization and structure determination of human NaCT.
a, Thermostabilization of NaCT by various compounds. Residual fluorescence (fractional

fluorescence that remains after 37°C thermal stress) of EGFP-NaCT after incubation with
substrates and ligands. b, Cryo-EM map of NaCT-citrate at 3.04 A resolution. Arrows
indicate the Na* and citrate binding sites. ¢, NaCT-citrate dimer structure viewed from
within the membrane plane. The citrate is shown as sticks and the two Na* ions are shown as
purple balls. d, Transmembrane topology of NaCT. The beginning and end of each helix are
numbered. Shaded regions indicate the inverted repeats of the protein.
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Fig. 2. Na+ and substrate binding sites in human NaCT and mapping of mutations that cause
SLC13A5-Epilepsy.

The, a, Nal, b, Na2, c, and citrate binding sites. Columbic potential maps are shown in
mesh. The calculated valence 42 of Nal and Na2 is 2.3 and 0.6 respectively in the NaCT-
citrate complex, and 0.5 and 0.8 in the NaCT-PF2 complex, indicating reasonable
coordination for sodium ions. d, Locations of the SLC13A5-Epilepsy missense mutations
within the NaCT structure as viewed from the membrane plane. We hypothesize that Type Ib
mutations (red) affect NaCT protein stability or folding, Type lla mutations (blue) hinder
substrate or Na* binding, and Type I1b mutations (green) block conformational changes of
the transport domain needed for substrate transport.
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Fig. 3. PF2 binding site in human NaCT.
a, Cryo-EM map in surface representation of the PF2 binding site at 3.12 A resolution. The

density for the PF2 molecule is indicated in yellow. b, The PF2 binding site structure.
Columbic potential map is shown in mesh. The isobutyl group of PF2 interacts with Gly409
and 11e410 from the N-terminus of TM9b of the scaffold domain. ¢, PF2 binding site shown
as electrostatic surface, colored by electrostatic potential of the protein atomic model. d,
Contact map for PF2’s interactions with residues of NaCT within 4.2 A.
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Fig. 4. Inhibition mechanism of PF2.
a, PF2 binding site viewed from within the membrane. The dicarboxylate moiety of PF2

binds at the citrate site in the transport domain (pink), whereas PF2’s benzene ring and
isobutyl group interact with the scaffold domain (green) of NaCT. b, Transport activity and
PF2 inhibition measurements of NaCT and mutants in HEK293 cells. The ICsq of PF2 to the
wildtype protein is 5 uM, while for the G409Q and 1410V mutants, the ICsg has increased to
300 pM and 20 pM, respectively (N = 6, error bars as SEM). ¢, Sequence alignment of the
human SLC13 transporters. Positions of the two residues in NaCT that interact with the
isobutyl group of PF2 are indicated. The equivalent of NaCT’s Gly409 is asparagine in both
NaDC3 and NaDCL1. d, Schematic drawing showing the proposed inhibition mechanism of
PF2. The dicarboxylate moiety of PF2 (circle) binds to the citrate site of NaCT in its inward-
facing, Ci-Na*-S state, and blocks sodium release from the Nal and Na2 sites. At the same
time, the modified benzene ring of PF2 (triangle) interacts with the scaffold domain,
preventing the transition of the transport domain to an outward-facing conformation.
Together, the two types of interactions arrest the transporter in its C;-Na*-S state and inhibit
transport.
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