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NaCT (SLC13A5) is a Na*-coupled transporter for citrate, which is expressed in the liver,
brain, testes, and bone. It is the mammalian homolog of Drosophila INDY, a cation-inde-
pendent transporter for citrate, whose partial loss extends lifespan in the organism. In
humans, loss-of-function mutations in NaCT cause a disease with severe neurological
dysfunction, characterized by neonatal epilepsy and delayed brain development. In con-
trast with humans, deletion of NaCT in mice results in a beneficial metabolic phenotype
with protection against diet-induced obesity and metabolic syndrome; the brain dysfunc-
tion is not readily noticeable. The disease-causing mutations are located in different
regions of human NaCT protein, suggesting that different mutations might have different
mechanisms for the loss of function. The beneficial effects of NaCT loss in the liver
versus the detrimental effects of NaCT loss in the brain provide an opportunity to design
high-affinity inhibitors for the transporter that do not cross the blood-brain barrier so that
only the beneficial effects could be harnessed. To realize these goals, we need a detailed
knowledge of the 3D structure of human NaCT. The recent report by Sauer et al. in
Nature describing the cryo-EM structure of human NaCT represents such a milestone,
paving the way for a better understanding of the structure-function relationship for this
interesting and clinically important transporter.

INDY ('m Not Dead Yet) is a transport protein whose partial loss of function confers a lifespan
advantage in Drosophila [1]. The mammalian homolog of INDY is the Na*-coupled citrate transporter
NaCT (also known as SLC13A5) [2-5]. Both INDY and NaCT accept citrate, a key metabolite, as
their preferred substrate [2-7]. Just as a caloric-restriction diet increases longevity and delays
age-associated disorders, the loss of INDY in Drosophila or deletion of Slc13a5 in mice elicit similar
survival and lifespan benefits [1,8]. Notwithstanding this significant resemblance in the biological
functions of INDY and NaCT, loss of the transporter in mammals produces a detrimental neurological
dysfunction, though evident much more readily in humans than in mice [7-10]. In humans, loss of
function mutations cause a recessive neurological disease known as Early Infantile Epileptic
Encephalopathy-25 (EIEE-25) [9-12]. This disease is characterized by neonatal epilepsy, delayed brain
development and language skills, defective bone mineralization, and abnormal tooth development and
enamalization. In contrast, Slc13a5-null mice show minimal evidence of neurological dysfunction [13],
but a robust beneficial metabolic phenotype relating to the loss of function of the transporter in the
liver [8]; the beneficial features include resistance to diet-induced obesity, protection against diabetes
and insulin resistance, and other clinical features of metabolic syndrome [8]. Considering the vastly
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differing consequences of NaCT deficiency in the brain versus the periphery, we recently hypothesized that it
could be feasible to preferentially harness the beneficial effects of NaCT deficiency by developing inhibitors
that only block the function of the transporter in the liver without having access to the brain [11]. This would
avoid the detrimental neurological phenotype associated with the loss of function in the brain. Several high-
affinity inhibitors of NaCT have already been identified, and kinetic studies have unveiled significant differences
among these inhibitors in terms of their interaction with the transporter [14-19]. In EIEE-25 patients with
mutations in NaCT, the detrimental neurological consequences in the brain associated with the loss of function
of NaCT take the precedence over any potential metabolic benefits. Approximately 40 disease-causing muta-
tions, spread over different loci of the transporter protein, have been identified [20]. The mechanisms under-
lying the functional loss of the transporter vary among these mutations. Some missense mutants exhibit
normal protein production and trafficking to the plasma membrane but have no transport function, whereas
others suffer from protein expression, folding and trafficking defects, and thus the mutant proteins fail to reach
the plasma membrane [21-24]. To understand full well the consequences of the different mutations at the
molecular level, we require a detailed knowledge of the structure of the protein and the relevance of the disease-
causing mutations to protein folding and function. The same applies to the rational development of high-
affinity inhibitors for identifying those that do not permeate the blood-brain barrier. As such, availability of
information on the structure of NaCT is of paramount importance in several key areas pertaining to the
biology and pharmacology of this interesting transporter.

Until recently, the only way to gain insights into the structural architecture and structure-function relations
of NaCT was through homology modeling of a closely related transporter protein of known structure. For most
modeling studies of NaCT thus far, Vibrio cholerae INDY (VcINDY) served as the template [17,21-23,25-27],
even though the two proteins share only ~30% sequence identity and their transport functions are vastly differ-
ent. In truth, the term INDY’ should have never been applied to VCINDY because it is actually a dicarboxylate
(succinate and fumarate) transporter, in contrast with Drosophila INDY and mammalian NaCT, which are tri-
carboxylate (citrate) transporters. As such, VCINDY is more closely related to other members of the divalent
anion/Na" symporter (DASS) subfamily, to mammalian SLC13A1 and SLC13A3, which are Na*-coupled dicar-
boxylate transporters. Understandably, these two transporters are never referred to as INDY. Notwithstanding
this marked functional difference, the VCINDY was the closest relative for which a crystal structure was avail-
able [26,27]. This has changed recently with the elucidation of the cryogenic electron microscopy (cryo-EM)
structure of human NaCT by Sauer et al. (PDB: 7JSK) [28]. With this fundamental advancement, we now have
an important piece of the puzzle. However, until we can obtain more structures of NaCT in different confor-
mations and with a variety of bound inhibitors and modulators, we may rely on homology modeling, docking
and molecular dynamic (MD) simulations to gain a more complete understanding of the molecular transport
mechanism. Our recent full-length 3D homology model of human NaCT [10] (Protein Model Database ID
PMO0083164) is astonishingly similar to the new NaCT cryo-EM structure, with a Co backbone
root-mean-square deviation (RMSD) of 2 A for 87% of the amino acids (Figure 1A). However, as is common
in homology models, the sidechains of some residues are in different orientations. Our model was built using
Robetta, a full-chain protein structure prediction server [29,30], based on the structures of VcINDY (PDB IDs:
4f35 [26], 5uld [27]) as well as an ion transporter of the AbgT family, YdaH from Alcanivorax borkumensis
(PDB: 4R0C) that share similar o-helical domain architecture [31,32]. The model includes ~100 amino acids of
the large second intracellular loop whose structure was not resolved in the recently reported cryo-EM structure.
This loop doesn’t contain any disease-causing mutation. The homology model assigned mostly o-helical struc-
ture that may help stabilize the transporter in the membrane.

The NaCT cryo-EM structure shows a homodimer with the citrate-binding site of both protomers accessible
to the cytoplasm (arrows) in the ‘inward-facing’ conformation. Figure 1 shows an overlay of one protomer of
our model (colored) onto the cryo-EM structure with one bound citrate molecule (green sticks) and two Na*
ions (purple spheres). The 11 transmembrane o-helices (TMs) of each protomer form a scaffold domain (blue)
that dimerizes with the other protomer (Figure 1B), and a transport domain that harbors the binding sites for
Na" and citrate. The inverted repeat pseudo-symmetry arrangement of TM2-6 and TM7-11 as well as the
arrangement of the two helix-turn-helix hairpins, HP;, and HP,,; (brown-orange and red-yellow) that cradle
the Na'- and citrate-binding sites, are similar to VcINDY and YdaH. Interestingly, TM5 and TM10, adjacent
to the HP;,, and HP,,,; helices, respectively, are broken in the middle of the lipid bilayer of the membrane, and
the connecting loops contribute to the Na*/citrate binding sites. This arrangement of two hairpin loops that
insert into the membrane from opposite sides, and the two broken transmembrane helices are common in
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Figure 1. Comparison between the new cryo-EM structure and our full-length homology model of

human NaCT. Part 1 of 2
(A) Ribbon diagram of the NaCT cryo-EM structure (gray, PDB: 7JSK) [28]) in the inward-facing conformation is viewed in the
membrane plane. The N-terminus resides in the cytoplasm and the C-terminus in the extracellular space. Na* ions are shown
in purple spheres (purple arrow) and citrate in green sticks (green arrow). Our full-length homology model [10] was
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Figure 1. Comparison between the new cryo-EM structure and our full-length homology model of

human NaCT. Part 2 of 2
superimposed in the left protomer of the dimer, colored according to helix organization of the scaffold domain (blue and light
blue), and transport domain (dark red and red for hairpins, and orange and yellow for interfacial helices, respectively). The half
helix H6b in the cryo-EM structure, located between TM6 and TM7, was correctly predicted as a helix by our homology model
(black). (B) Extracellular view showing the dimer interface, formed by the scaffold domain from each protomer. Na* ions are
shown in purple spheres (purple arrow) and citrate in green sticks (green arrow). (C) Localization of disease-causing mutations
in the cryo-EM structure (gray sticks) and in the homology model (teal sticks). (D) An overlay of citrate (green sticks), and
inhibitors PF2 (pink sticks) and BIO (cyan sticks) bound to the citrate-binding surface in the cryo-EM structure, colored
according to electrostatic surface potential. (E) An overlay of the citrate, PF2 and BIO bound to our homology model; the
electrostatic surface potential ranges from bright blue (positive) to red (negative).

proteins that use the elevator type mechanism to transport substrates across the membrane using preexisting
gradients of ions (e.g. Na") as the driving force [26,27,31-34]. In these elevator-type transporters, typically the
scaffold domains of the protomers associate back-to-back and anchor the protein in the membrane, while the
transport domains move to expose the substrate-binding site from the extracellular to the cytoplasmic side of
the membrane, and back. It has to be noted that the 3D structure of a member of the DASS family in an
outward conformation has been solved so far only for the Lactobacillus acidophilus transporter LaINDY [35].
Recent MD simulations based on the LaINDY structure elegantly proposed that the transport domains of both
protomers move simultaneously to transport citrate and Na" from the extracellular to the intracellular site of
the membrane in a synchronized fashion [35]. In contrast, the 3D-structure of another bacterial
Na'-dependent citrate transporter, KpCitS, shows dimers either with one protomer in the inward-facing and
one in the outward-facing conformation (asymmetric dimer), or with both protomers outward-facing (symmet-
ric dimer), suggesting that the transport domains may move independently [36]. Based on biochemical analyses
of VCINDY ([37], we proposed an asymmetric outward-facing conformation for human NaCT [10]. However,
global elevator movements may vary widely between different proteins and protein families, and more biophysical
studies will be needed to clarify whether the two NaCT protomers may function cooperatively or independently.
The new cryo-EM structure of human NaCT, together with homology models of different conformations, as
well as MD simulations of substrate transport open up new avenues to predict and probe the underlying
molecular defects of disease-causing mutations in EIEE-25, an important step towards designing targeted treat-
ment. Limited cell biological and biochemical analyses are available only for a few mutants, largely due to the
lack of highly selective antibodies that are capable of recognizing the human NaCT protein in immunofluores-
cence and/or western blot studies. In principle, mutations can be classified as functional missense mutations
(Class I) that abolish or decrease Na'-coupled citrate transport, protein-folding missense mutations (Class 1I)
that affect protein expression, folding and stability, and may lead to defective trafficking to the cell surface, and
protein synthesis and nonsense mutations (Class III) that affect translation of the gene. Class I mutations are
located in the substrate-binding site and are directly involved in binding of citrate and Na* (subclass IA);
amino acid substitutions at these positions will weaken the protein-substrate binding affinity (T142M, T227M
and P505L, Figure 1C) and diminish transport. The Class I mutations are also located at the interface of the
scaffold and transport domains and may interfere with the proposed elevator-type transport mechanism (sub-
class IB: C50R, H106R, L111R and G417E). The latter have been described as ‘conformational defect mutations’
by Sauer et al. [28]. Patients with these mutations could benefit from pharmacological strategies capable of
potentiating the transport function. The Class II mutations may cause local misfolding of the protein that is
recognized by the quality control machinery in the endoplasmic reticulum (ER) and targeted for premature
degradation. Such mutant proteins do not exit the ER, and do not reach the Golgi apparatus for maturation
and post-translational modification, thus resulting in trafficking defects and lack of protein at the cell surface.
According to their location in the structure (Figure 1C), this class may be subdivided into subclass ITA (P68Q,
Y82C, and G423E; mutations located in the scaffold domain) and subclass IIB (T145K, G130D, P487L, L488P,
and L492P; mutations located in the transport domain). For these folding and trafficking mutations, small-
molecule correctors may be developed that promote folding and rescue from the ER quality control and facili-
tate proper maturation and trafficking to the plasma membrane. This approach has been very successful for the
treatment of other genetic disorders such as cystic fibrosis [38,39]. Lastly, the Class III mutations comprise
nonsense mutations or stop codons, splicing mutations and promotor variants that interfere with protein
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synthesis, and may require gene editing or gene replacement strategies. There is a very good agreement between
the classifications of the disease-causing mutations based either on the new cryo-EM structure of human NaCT
[28] or on our homology-based model [10]. One notable exception however is G219R, the most predominant
mutation in EIEE-25 patients. We proposed that the primary defect with this mutation is related to protein
folding because the bulky, positively charged arginine likely disrupts o-helical structure and helix packing of
TMb>5a. In addition, amino acid residues of this helix contribute to the citrate-binding site, and thus disruption
of this helix may also weaken substrate binding and transport. For this mutation, a combination of folding cor-
rectors and a transport potentiator might be an effective therapeutic option.

High-affinity inhibitors have been developed for NaCT, with the goal to selectively inhibit the transporter in
the liver and provide new treatment options for obesity and diabetes [14-19]. The recent report by Sauer et al.
[28] is the first to solve the cryo-EM structure of NaCT with a selective inhibitor PF-06649298 (PF2) bound in
close proximity to the citrate-binding site in the inward-facing conformation. Figure 1D shows PF2 (pink
sticks) interacting with the same residues as citrate, which is expected considering the structural similarity
between PF2 and citrate. Both Na*-binding sites are occupied with Na™ in the PF2-bound structure, suggesting
that Na™ might be required for the binding of PF2. PF2 interacts with the side chain of the two SNT motifs
and T508 residues [28]. We recently characterized a new, highly potent inhibitor, named BI01383298 (BI0),
that inhibits human NaCT with ICsy values in the nM range [14]. Docking studies using our model suggested
BIO also binds to the same binding pocket as citrate, albeit its chemical structure is quite different (Figure 1E).
Collectively, these data suggest that the highly positively charged surface of the citrate-binding pocket may be a
common site for inhibitor binding, and presents a good target for in silico screening for highly potent, more
diverse inhibitors with properties favorable to inhibit liver NaCT and not to cross the blood-brain barrier.

In conclusion, the recent report on the cryo-EM structure of human NaCT undoubtedly represents a mile-
stone and is a home run, giving a clear path to better understand the structure-function relationship for this
interesting and clinically relevant transporter. This will definitely facilitate the design of targeted treatment
strategies for EIEE-25 and discovery of new inhibitors of NaCT to selectively modulate hepatic metabolism for
the management of diet-induced obesity, insulin resistance, diabetes and metabolic syndrome. Indeed, knowl-
edge gained from the new NaCT structure will certainly integrate future homology modeling and docking/MD
simulations to gain further insights into the transport mechanism, interactions of different inhibitors, and the
impact of various disease-causing mutations.
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