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Mutations in the SLC13A5 yene that codes for the Na*/citrate cotransporter, NaCT, are associated with early onset epilepsy.

developmental delay and tooth dysplasia in children. In this study, we identify additional SLC13A5 mutations in nine epilepsy po-
tients from six families. To better characterize the syndrome, families with affected children answered questions about the scope
of ilness and the freatment strateyies. Currently, there are no effective freatments, but some antiepileptic druygs targeting the
y-aminobutyric acid system reduce seizure frequency. Acetazolamide, a carbonic anhydrase inhibitor and atypical antiseizure
medication, decreases seizures in four patients. In contrast to previous reports, the ketoyenic diet and fasting resulted in wors-
eninyg of symptoms. The effects of the mutations on NaCT fransport function and protein expression were examined by transient
transfections of COS-7 cells. There was no transport activity from any of the mutant transporters, although some of the mutant
fransporter profeins were present on the plasma membrane. The structural model of NaCT sugyests that these mutations can
affect helix packing or substrate binding. We tested various freatments, including chemical chaperones and low tfemperatures,
but none improved transport function in the NaCT mutants. Interestingly, coexpression of NaCT and the mutants resulfs in de-
creased protein expression and activity of the wild-type transporter, indicating functional intferaction. In conclusion, this study
has identified additional SLC13A5 mutations in patients with chronic epilepsy starting in the neonatal period, with the mutations
producing inactive Na*/citrate transporters.
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INTRODUCTION

The onset of seizures in the first weeks
of life has been associated with a large
number of metabolic and genetic causes
(1) including recently identified hetero-
zygous mutations in the SLC13A5 gene
that codes for the Na*/citrate transporter,
NaCT (2,3). Relatively few children with
SLC13A5 disorder have been reported in
the literature, and the full extent of their
neurologic and epileptic phenotypes is
only beginning to emerge. It appears

that most children present with epilepsy
very early within the first few weeks

of life and then have lifelong seizures.
This disorder is also characterized by
limited and slow motor progress, with
children described as unable to sit or
walk independently. Reports of tone

are also variable, and patients exhibit

a range of symptoms: increased tone,
decreased tone and poor motor coordina-
tion to choreoathetoid movements (2,3).
Language is limited with a few patients
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speaking in single words and others
being nonverbal. These findings suggest
heterogeneity within the disorder, though
to date no clear phenotype-genotype cor-
relate has been found. No effective treat-
ments have been identified yet.

The mechanisms by which muta-
tions in SLC13A5 result in epilepsy are
not understood. The inability to meet
neuronal energy demand is believed to
cause epilepsy and diminished intra-
cellular citrate might result in neuronal
energy failure (4). The NaCT transporter
encoded by SLC13A5 is found on the
plasma membrane in liver and brain (5,6).
NaCT is found in neurons in rats (7) and
both astrocytes and neurons in mice (8).
NaCT cotransports sodium and citrate
from the extracellular fluid into the cells
(5). Citrate is an important precursor of
lipid and cholesterol biosynthesis, and
intracellular citrate and its metabolites
are key signaling molecules in the regula-
tion of energy expenditure (9). In human



hepatocytes, NaCT expression is cor-
related with lipid accumulation and tri-
glyceride synthesis (10,11). Furthermore,
inhibition of NaCT-mediated citrate
transport by the liver is emerging as a
therapeutic approach for the treatment
of metabolic disorders, such as diabetes
(11,12). Treatment of animals with small
molecule NaCT inhibitors (that do not
enter the central nervous system (CNS))
increased citrate excretion in urine, de-
creased hepatic lipid production and
reduced plasma glucose (11). It is clear
that NaCT in the liver plays an import-
ant metabolic role, but there is very little
information on the role of NaCT in brain.
The goal of this study was to identify
additional mutations in epileptic patients
and to examine potential therapy. We re-
port new mutations in the SLC13A5 gene
in nine patients from six families. We
examine the mutated NaCT transporters
in transiently transfected cell cultures
to determine whether the mutations af-
fect citrate transport activity or protein
targeting. We also examine potential
treatments with chemical chaperones
and temperature changes. Furthermore,
we use a homology model of NaCT
to rationalize changes in function as a
result of the mutations. Understanding
the pathogenesis of epilepsy as a result
of mutations in SLC13A5 will provide
critical insights for developing effective
therapy.

MATERIALS AND METHODS

Clinical and Genetic Information
about the Patients

This study includes nine patients
with SLC13A5 mutations and epileptic
encephalopathy from six families. The
parents of patients contacted the TESS
research foundation (tessresearch.org)
and voluntarily completed a Stanford
REDCap questionnaire (Supplementary
Document S1). The families provided
SLC13A5 genotype, identified by whole
exome sequencing. The questionnaire
was designed to understand how pa-
tients with SLC13A5 mutations present
to medical care, their long-term physical,

mental and neurologic outcomes. We
focused on antiseizure treatment to
identify harmful and helpful treatment
strategies. In addition, we attempted to
identify phenotype-genotype correla-
tions. The institutional review board of
Stanford Medical School approved the
study protocol and parents signed an in-
formed consent document.

Expression of NaCT Mutants
in COS-7 Cells

Site-directed mutagenesis of human
NaCT (hNaCT) in pcDNA3.1 vector was
done using the QuikChange Site-
Directed Mutagenesis Kit (Stratagene),
as described (13). A total of six NaCT
mutants were prepared: four point mu-
tations identified in this study, Y82C,
G219R, T227M and L492P (Table 1 and
Figure 1), and one mutation, L488P,
identified previously (2). In addition,
we prepared the DelG mutant of
hNaCT, with a nucleotide deletion of
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g511 (relative to the start codon), which
produces a frameshift after Leul70 and
a premature stop codon (Table 1). The
total length of the DelG truncated pro-
tein was 187 amino acids and included
the first four transmembrane domains
and the hairpin loop (HP,,) (Figure 1).
The recombinant plasmids were ex-
pressed in mammalian cells, COS-7

or HEK-293, as described previously
(14,15). COS-7 cells (ATCC CRL-1651)
were cultured in Dulbecco’s modified
Eagle medium containing glutamax
and 25 mmol/L HEPES (Invitrogen)
supplemented with 10% heat-
inactivated fetal calf serum, 100 units/
mL penicillin and 100 pg/mL strep-
tomycin at 37°C in 5% CO,. HEK-293
cell medium also contained 1 mmol/L
sodium pyruvate and 0.1 mmol/L
nonessential amino acids. Cells were
plated on collagen-coated (COS-7) or
poly-p-lysine-coated (HEK-293) 24-well
plates at 0.6 x 10° cells per well and

Table 1. SLC13A5 mutations associated with epilepsy.

Number of
Family cDNA change Protein chanye Zyyosity patients Reference
This study:
A C.655G>A p. G219R Heterozygous 2
c. 1475T7>C p. L492P
B c.680C>T p. 1227M Homozygous 1
C C.245A>G p. Y82C Heterozygous 2
C. 655G >A p. G219R
D c.511delG p. E1715fsX16 Homozygous 1
(DelG)
E c. 1276-1G> A Affect splice site  Heterozyyous 2
c. 103-1G > A & add intron**
F C.655G > A p. G219R Homozygous 1
Previous studies:
A c.1280C>T p. S427L Homozygous (©)
B c.1022G > A p. 1341* Heterozygous )
c. 1207_1217dupl 1 p. P407Rfs*12
C c.425C>T p. T142M Heterozygous @A)
Cc. 655G >A p. G219R
D c.680C>T p. 1227M Heterozygous (©))
c. 1570G>C p. D524H
1 c. 655G > A p. G219R Heterozygous )
c.680C>T p. T227M
2 c. 1463T>C p. L488P Homozyyous @)
3 C. 655G > A p. G219R Heterozygous @
c.680C>T p. 1227M

**Describes mMRNA changes as a result of cDNA chanye.
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Figure 1. Secondary structure model of NaCT showiny location of mutations in this study. The 11 fransmembrane helices are shown as
numbered rectangles and the opposing hairpin loops are labeled HP. The outside of the cell is at the top of the imaye.

transfected with NaCT plasmids using
FuGene 6 (Roche) at a 9:3 ratio (1.8 pL
FuGene 6 and 0.6 pg plasmid DNA) (13).
Treatments were applied 6 h after trans-
fection and continued for 42 h.

Transport Assays

Transport assays were carried out
48 h after transfections, also as described
(13,16). The sodium buffer contained
140 NaCl, 2 KCI, 1 MgCl,, 1 CaCl,
and 10 HEPES (all in mmol/L), pH
adjusted to 7.4 with 1 M Tris. Choline
buffers contained equimolar choline Cl
in place of NaCl. For the assays, each
well was washed twice with choline
buffer, then incubated with 0.25 mL
sodium buffer containing [1,5-1*C]-
citrate (112 mCi/mmol; Moravek) and
nonradioactive citrate (100 pmol /L)
for 30 min at 37°C. The uptake assays
were stopped and surface radioactivity
was removed with 4 x 1 mL washes
of choline buffer. Cells were dissolved
in 1% SDS, transferred to scintillation
vials and counted. For all experiments,
uptake rates in vector-transfected cells
were subtracted from those measured in
NaCT plasmid-transfected cells to cor-
rect for background counts.

Western Blots

Cells were grown in six-well plates
and lysed with RIPA buffer (BioWorld)
supplemented with protease inhibitors
(10 pg/mL pepstatin, 10 pg/mL leupeptin
and 0.5 mmol/L phenylmethanesulfonyl
fluoride). Protein concentrations were
measured with a DC Protein Assay Kit
(Bio-Rad). Samples were separated by Tri-
cine SDS-PAGE, 7.5% (w/v) as described
previously (17). Equal amounts of protein
were loaded per well, approximately 6
ng, made to a total volume of 20 pL. Cell
surface proteins were identified using
cell-surface biotinylation with sulfo-NHS-
LC-biotin (Thermo Scientific) as described
(16,18) and three wells of a six-well plate
were combined for each group. Chemi-
luminescent size standards were Magic-
Mark XP (Invitrogen). The anti-NaCT
antibodies were a gift from Pfizer. For
Western blots, the primary antibody,
anti-NaCT, was applied at 1:750 dilution
followed by secondary antibody at 1:7,500
dilution, peroxidase-conjugated anti-
rabbit IgG (Jackson Laboratories). Protein
loading was verified using duplicate blots
probed with anti-GAPDH antibodies
(1:20,000 dilution) (Ambion AM4300),
followed by secondary antibody at
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1:5,000 dilution, peroxidase-conjugated
anti-mouse IgG (Jackson Laboratories).
Detection was done with Supersignal
West Pico Chemiluminescent Reagent
(Thermo Scientific) and Image Station
4000R (Carestream Scientific).

Statistics

Duplicate or quadruplicate measure-
ments were made for each data point.
The experiments were repeated with two
or three different batches of transfected
cells from different passage numbers.
Significant differences between groups
were identified by Student’s f test or
ANOVA with p < 0.05. Data are reported
as means + SEM.

Homology Modeling

We modeled the NaCT dimer based on
the atomic structure of vcINDY, which
was determined as a dimer (PDB ID:
4F35) (19). Models were constructed with
MODELLER-9v14 (20) using a previously
published NaCT-vcINDY alignment and
modeling protocol (14,21). In brief, we
built 100 models, which were assessed
and ranked by the statistical potential
Z-DOPE (22). The Z-DOPE score of the
top model was —0.35, suggesting that



approximately 55% of their Co atoms

are within 3.5 A of their correct positions
(23). The models were constructed with
atoms of nonprotein elements includ-
ing a sodium ion and the ligand citrate
based on their coordinates in the vcINDY
template structure. All models were vi-
sualized with PyMOL (Schrodinger, LLC
(2010) The PyMOL Molecular Graphics
System, Version 1.3r1).

All supplementary materials are available
online at www.molmed.org.

RESULTS

SLC13A5 Mutations in Pediatric
Epilepsy Patients

This study identifies new autosomal
recessive mutations in SLC13A5 in chil-
dren with early onset epilepsy from six
families (Table 1). The families are from
the United States, the Netherlands and
Brazil (Supplementary Table S1), and the
children age range from 2 to 18.7 years
(Table 2). Three of the families had ho-
mozygous mutations: T227M and G219R,
both reported previously in compound
heterozygous form (2,3), and a new de-
letion mutation ¢511DelG (abbreviated
DelG in this paper). The c511DelG mu-
tation produces a frameshift leading to a
premature stop codon, with a resulting

predicted truncated protein of only 187
amino acids rather than the full 568
amino acids (5). Two families had com-
pound heterozygous mutations, some of
which have not been reported previously
(Y82C and L492P), and one family had
compound heterozygous mutations af-
fecting RNA splicing (Table 1).

Clinical Features of Patients

The pregnancy and birth history were
unremarkable in seven of the nine pa-
tients, with two being born premature
(Supplementary Table S1). None of the
patients were small for gestational age.
MRI was normal in six of the nine pa-
tients, and evidence of possible perinatal
injury was present in one child. All of
the patients in this study presented with
epilepsy early, with eight of the nine pa-
tients presenting in the first week of life,
and all had motor and language delays
(Table 2). The seizure semiology varied
with most having focal seizures, some
with secondary generalization and myoc-
lonic seizures. The seizure frequency also
varied greatly, as high as >100 myoclonic
seizures per day to rare focal seizures.
Frequency of seizures and severity of de-
velopmental delay varied even between
siblings with the same mutations, but all
patients had severe neurologic pheno-
types without clear genotype—phenotype
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correlations. All patients reported epi-
sodes of prolonged seizures (Supplemen-
tary Table S2).

The one frequent physical /morpho-
logic abnormality that seven of the nine
patients reported, in agreement with
previous reports (3), was dental abnor-
malities consisting of teeth hypoplasia
and gingival hyperplasia (Table 2). Two
patients had constipation but, in general,
they seemed to be in otherwise good
health outside of their neurologic disor-
der. Parents described them as social and
happy to engage, though all had limited
communication, with only three of the
nine being described as verbal (Supple-
mentary Table S3). All patients reported
delayed motor development with only
two walking independently; one subject,
who was a sibling of one of the ambula-
tory patients, had learned to crawl, and
another patient was described as stand-
ing independently and using a walker to
ambulate.

Epilepsy Treatments

All of the patients had been tried
on numerous antiseizure medications,
ranging between 4 and 13 per patient
(Supplementary Table S2), in an effort to
control their seizures without complete
seizure control. No patients were re-
ported as successfully being weaned off

Table 2. Backyground and basic neurodevelopmental information on children with SLC13A5 mutations in this study.

Aye Motor Lanyguaye Muscle Movement

Subject Family (years) Sex delay delay Regression fone disorder MRI brain Dental issues

1 A 11.8 F Y Y Y Low Y-dystonia  Normal Teeth hypoplasia

2 A 2 M Y Y N Low N Normal Teeth hypoplasia

3 B 2.9 F Y Y Y NR NR Normal Teeth hypoplasia +

Gingival hyperplasia

4 C 57 F Y Y N Low N Focal frontal lobe  Gingival hyperplasia
thickening

5 C 8.7 M Y Y N Low N Normal Gingival hyperplasia

6 D 9.6 F Y Y NR NR NR Normall NR

7 E 18.7 F Y Y N Normal N Hyperintense foci  Teeth hypoplasia +
in parietal white  amelogenesis imperfecta
matter

8 E 15.5 M Y Y N Normal N Normal Ameloyenesis imperfecta

9 F 4 M Y Y Y Increased Y-dystonia Focalloss of yray N

matter

F, female; M, male; Y, yes; N, no; NR, not reported.
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their seizure medications and a resective
surgery was tried in one patient without
success. The majority of patients showed
improvement in seizures by antiepileptic
drugs that work on the y-aminobutyric
acid (GABA) system (24,25), including
diazepam, lorazepam, phenobarbital,
clonazepam, clobazam and midazolam
(Table 3). In addition, several patients re-
ported improvement with phenytoin and

lamotrigine, drugs that target sodium
channels (26). In one patient, however,
phenytoin was mentioned as worsening
myoclonus. Acetazolamide, the carbonic
anhydrase inhibitor, has been used for
treating epilepsy (27). In the four chil-
dren who tried acetazolamide, parents
reported improved seizure control. It

is not known if this correlated with a
change in urinary citrate excretion or

Table 3. Information on seizures in children with SLC13A5 mutations in this study.

serum level. Two siblings from family
A while treated with acetazolamide re-
ported elevated plasma citrate levels of
235 umol/L (Patient 2) and 110 pmol /L
(Patient 1), where the upper range of
normal is 100 pmol/L. Neither patient
has developed an acidosis while on the
acetazolamide. Acetazolamide typically
decreases urinary citrate excretion by in-
ducing metabolic acidosis (28,29), which

Most effective Seizures worse

Subject Seizure onset Seizure types Current seizure frequency medications Ketogenic diet effects with fasting
1 First week of life Complex partial >100/day Acetazolamide Seizures worse Y
GIC Carbamazepine Dystonia worse
Myoclonic Diozepam
Felbamate
Phenobarbital
Phenytoin*
2 First week of life Atonic 0-5/month Acetazolamide NT N
hemipleyia Phenobarbital
3 First week of life Complex partial 100 s/day with 3-5 wks Diazepam NT Y
Focal motor seizure-free periods Lamotrigine
Myoclonic Phenobarbital
Phenytoin
4 First week of life Complex partial >50/day Clobazam Seizures worse Y
Focal motor Clonazepam
Myoclonic Lorazepam
Tonic Midazolom
5 First week of life Focal motor 1/month Clobazam NT N
Myoclonic Clonazepam
Lamotrigine
6 First week of life Complex partial 1/month Acetazolamide NT N
GIC Phenytoin
7 <1 year old Absence Rare (no specific Acetazolamide No effect reported N
Complex partial frequency reported) Clonazepam
Focal motor Lamotrigine
GIC Valproic acid
Myoclonic
8 First week of life Focal motor 1/month to 3/year Acetazolamide NT N
GTC Clonazepam
Myoclonic Lamotrigine
Valproic acid
9 First week of life Absence 1/wk Lamotrigine Seizures worse N
Atonic Oxcarbazepine
Complex partial Topiramate
Focal motor
GTC
Infantile spasms
Myoclonic
Tonic

GTC, yeneralized tonic clonic; NT, has not been treated with ketoygenic diet; Y, yes; N, no.
*Phenytoin improved seizures, but caused myoclonus.
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should increase citrate reabsorption by
the renal NaDC1 transporter (SLC13A2)
(30,31).

The use of the ketogenic diet, a high-
fat, low-carbohydrate diet, is successful
in many children with refractory epi-
lepsy and was reported to be beneficial
for seizure control or level of alertness
and development in three patients with
SLC13A5 mutations (3). However, in this
study, the ketogenic diet was reported as
causing longer or more frequent seizures
in three children and had no effect in an-
other (Table 3). A limited carbohydrate
diet (Atkins) was also noted to worsen
seizures in one patient (Supplementary
Table S2). Three patients had worsening
of seizures with fasting though six oth-
ers did not notice any worsening. Three
described increased seizures with fever
and illness.

Function and Expression of NaCT
Mutants

To determine the effects of the NaCT
mutations on function and protein ex-
pression, we prepared the mutants and
expressed them in COS-7 cells, a cell line
derived from monkey kidney that has
very low background transport of citrate
and succinate. As shown in Figure 2,
most of the mutants had no citrate trans-
port activity, whereas the DelG and the
G219R mutants had a small amount of
citrate transport activity above back-
ground. We next examined NaCT protein
expression in cell lysates transfected with
plasmids coding for the NaCT mutants
(Figure 3A). The anti-NaCT antibodies
are specific for human NaCT and do not
recognize NaDC1 or NaDC3 (13). The
antibodies recognize multiple bands at
~45 and 75 kDa in cells transfected with
NaCT, which correspond to differently
glycosylated forms of the transporter
(unpublished results), similar to Western
blots of other SLC13 family members (13).
There was no detectable NaCT protein
in control cells transfected with vector
plasmid, pcDNA3.1, as well as in cells
transfected with DelG deletion mutant,
T227M and L488P mutants (Figure 3A).
The DelG mutant has an early stop
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Figure 2. Transport activity of hNaCT wild-type and mutant tfransporters expressed in
COS-7 cells. '“C-citrate transport (100 pmol/L) was measured at 37°C for 30 min. Data are
means £ SEM, n =8 (pcDNA and G219R), n = 7 (wild-type NaCT), n=5 (DelG) and n=3
(all others). * denotes p < 0.05 relative to pcDNA (empty vector plasmid) group.
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Figure 3. Western blots. (A) Total cell protein. Protein lysates from COS-7 cells transfected
with empty vector, pcDNA, wild-type NaCT (WT) and mutants. Duplicate blots were
probed with anti-NaCT (fop) and GAPDH antibodies (bottom). Size standards (kDa) are
shown at left. (B) Cell surface biotinylated proteins from HEK-293 cells freated with mem-
brane-impermeant sulfo-NHS-LC-biotin followed by streptavidin beads. The HEK-293 cells
were used for biotinylations because the signal was stronger than with COS-7 cells.

codon and would be undetectable using
our antibodies because the early stop
codon is before the antigenic site. We

also examined cell surface expression
of the mutants by biotinylation with
a membrane-impermeant reagent,
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sulfo-NHS-LC-biotin. Figure 3B shows
that the Y82C, G219R and L492P mutants
are found on the plasma membrane.

Characterization of the DelG and
G219R Mutant Functions

The functional characteristics of the
DelG and G219R mutants were tested
to determine whether the measured
transport activity was due to activation
of an endogenous protein or intrinsic to

A DelG
1.2 4
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Q
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® 02+
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0.0 - T i .l;n| .
Citrate Succinate Glutarate

Substrate (100 uM)

C SLC13 transporters

the mutant transporter. We compared
citrate, succinate and glutarate transport
activity in the presence and absence of
sodium. The transport activity in cells
transfected with the DelG mutant was
very low (Figure 4A). There was some
sodium-dependent citrate transport, but
the succinate and glutarate transport
were sodium independent. In contrast,
the cells expressing the G219R mutant
had sodium-dependent transport of all

B G219R
12 9 . Sodium
= [ Choline
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Figure 4. Characterization of substrate fransport by mutant and wild-type SLC13 transport-
ers. Transport of '“C-citrate, “C-succinate and '“C-glutarate (100 umol/L each) in sodium
or choline buffers. (A) DelG mutant. Bars show mean and range, n = 2 experiments.

(B) G219R mutant. Bars show means + SEM, n = 3-4; range is shown for n = 2 (succinate,
glutarate with choline). (C) Comparison of citrate, succinate and ylutarate transport in
wild-type NaCT, NaDC1 and NaDC3 transporters. Transport was measured in sodium buf-
fer. Bars show means + SEM, n = 3 replicates from single experiment. In all experiments,
backygrounds were corrected by subtracting counts in pcDNA-transfected cells. Note the
25-fold difference in scale between (C) and (A), (B).
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three substrates: citrate, succinate and
glutarate. There was also some succinate
and glutarate transport in the absence of
sodium in G219R. This transport specific-
ity profile is different from the wild-type
SLC13 transporters (Figure 4C). These
transporters are sodium dependent, with
no transport activity reported in the ab-
sence of sodium (6). Wild-type human
NaCT transported both citrate and
succinate, but there was no measurable
transport of glutarate, in agreement with
previous observations (5,32). Human
NaDC1 and NaDC3 transported all three
substrates, and the highest activity was
with succinate (Figure 4C) (30,33,34).
NaDC3 had high transport activity with
glutarate. Therefore, cells expressing
DelG and G219R express transport ac-
tivities that are different from any of the
human SLC13 transporters. This activity
was seen in transfected COS-7 cells but
not in HEK-293 cells; in two experiments,
there was no transport in HEK-293 cells
transfected with G219R or DelG (not
shown). COS-7 cells transfected with
G219R cultured at cool temperature
(28°C) did not have transport activity
(Supplementary Table S4). Finally, a
truncated NaCT construct that is four
amino acids longer than DelG induced
sodium-dependent citrate, succinate and
glutarate transport activity with a sim-
ilar profile but higher activity than the
G219R mutant (results not shown).

We examined various treatments in
an effort to increase the expression and
activity of the mutant transporter pro-
teins in transiently transfected COS-7
cells. None of the treatments affected
the NaCT mutants, although several
affected the citrate transport activity of
the wild-type transporter (Supplemen-
tary Table S4). We tested treatments that
have been shown to increase expression
of CFTR or aquaporin mutants in cell
culture, including culture at 28°C (35),
or the addition of 4-phenylbutyric acid
(36), but they had no effect on function
of the NaCT mutants. The chemical
chaperone glycerol, which increases the
expression of NaDC1 mutants (37), had
no effect on the NaCT mutants. Glycerol



decreased the activity of the wild-type
NaCT, similar to our previous findings
with NaDC1 (37). We tested treatments
that were shown to affect other trans-
porters: 4-aminopyrimidine and NBCel
(38), heat shock and SGLT1 (39), but
these treatments had no effect on wild-
type or mutant NaCT. Sebacic acid was
tested because of a report that some mice
treated with this compound had higher
expression of SLC13A5 (40), but it had
no effect in this study. We also examined
whether some of the compounds used
for therapy (acetazolamide and heptanoic
acid) would have a direct effect on the
transporters and they did not. Finally, we
tested the addition of methotrexate to the
transport solutions, which we have found
in previous studies to increase activity
and protein at the plasma membrane in
NaCT and NaDC1 (results not shown).
However, methotrexate did not have
consistent effects on the NaCT mutants.

A

Because many of the patients are
heterozygous with different NaCT
mutations, we examined whether the
proteins might interact by coexpressing
a mutant transporter with the wild-type
NaCT transporter. Citrate transport
activity was decreased when HEK-293
cells were cotransfected with wild-type
NaCT and any of the missense mutations
(Figure 5). In particular, the coexpression
of NaCT and T227M led to very low
citrate transport activity, less than 5% of
the control. The DelG truncated protein
did not affect citrate transport by NaCT
(Figure 5A). The protein expression in
cell lysates paralleled the transport ac-
tivity (Figure 5B) indicating that the low
transport activity is due to low protein
abundance in the cells. The control
group was transfected with plasmid for
wild-type NaCT combined with empty
vector plasmid, pcDNA3.1. There was
a strong protein band at around 55 kDa
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representing NaCT. This protein signal
was very similar in cells transfected

with plasmids for wild-type NaCT and
DelG, indicating that these proteins do
not interact. However, when wild-type
NaCT was combined with plasmids for
the point mutants, the protein signal was
greatly decreased, indicating that the
mutant proteins interact with the wild
type and reduce the amount of protein in
the cells (Figure 5B). The amount of total
cell protein loaded in each lane was sim-
ilar, as shown from the GAPDH signal in
the lower panel of Figure 5B.

NaCT Homology Model

We modeled NaCT based on the dimeric
structure of the homolog protein veINDY
from Vibrio cholerae (29% sequence iden-
tity), using similar parameters to those
used in our previously published NaCT
monomer model (20). The location of the
five mutations on the structural models
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Figure 5. Effects of cotransfection of wild-type NaCT with vector plasmid (pcDNA) or mutant transporters. (A) Citrate fransport activity. All
groups were fransfected with the same amount of wild-type NaCT DNA and a second plasmid. Activity is expressed as a percentayge of
the NaCT + pcDNA conftrol group. All counts were corrected for backyground counts determined from cells transfected only with pcDNA
plasmid. Bars are means += SEM, n = 3-5, or range, n = 2 (DelG). * denotes p < 0.05 relative o the NaCT + pcDNA group. (B) Western
blots. Duplicate blots were probed with anti-NaCT (fop) and anti-GAPDH (bottom) antibodies. Groups were the same as for panel (A).
The samples in the lane next to the size standards (labeled none) were fransfected only with pcDNA, the other samples had two plasmid
DNAs (NaCT and a second plasmid). All cells were transfected with the same total amount of DNA.
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of NaCT provides a potential explana-
tion for their effects on the transport
function (Figure 6). In particular, Y82 is
located in TM4a at the subunit interface
(Figures 6 and 7) and may be involved
in stabilizing the dimer. The substitu-
tion of a cysteine residue at this location
may induce the formation of a disulfide
bridge with a nearby cysteine at position
79 (Figure 6A). G219 is located in TMb5a
and is involved in helix-helix packing by

hydrophobic effect with residues in HP, ..
Therefore, the G219R mutation is likely
to disrupt the packing of the helices,
which would affect the function of this
loop that is very important for substrate
binding (Figure 6B). Additionally, G219
is in proximity to the sodium ion (7 A).
A mutation of this residue to arginine, a
large, positively charged residue, changes
the chemical properties of the binding
site, including its shape and charge,

Figure 6. Homologyy model of hNaCT showing the location of the point mutations. (A)
Y82 is located in TM4, (B) G219 (TMb5a), (C) 1227 (TM5b) and (D) L488 and L492 (both lo-
cated in TM10). In all panels, the transmembrane helices are shown as cyan cartoons;
key amino acids represented by sticks with the mutated residues colored in orange. The
purple sphere in panels (B) and (C) represents the sodium ion that binds the Na1 binding
site. Citrate is shown in green sticks in panel (C).
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which might disrupt the interaction with
the ion. T227 is located in the binding
site formed between TM5b and the two
hairpin loops, HP, and HP_ . T227 is
involved in substrate binding and ion
coordination (Figure 6C). This residue is
highly conserved in the SLC13 family,
and our previous study showed that
mutation of T253, the equivalent residue
in NaDC3 (SLC13A3), affects substrate
transport and selectivity as well as cation
binding (14). Substitution of threonine by
methionine in the NaCT T227M mutant
should change the chemical properties of
the binding site. Finally, L488 and L492
are located in TM10a and are part of a
leucine zipper motif (Figure 6D). The
substitution by proline residues should
break the helix, which would affect the
overall folding of the protein.

DISCUSSION

Mutations in the SLC13A5 gene that
codes for the NaCT have been reported
to cause epilepsy, developmental delay
and tooth dysplasia in children (2,3). In
this study, we identified six families with
new SLC13A5 mutations. We surveyed
the families of the patients to identify po-
tential treatments and diagnostic features
and also examined the functional conse-
quences of the mutations on the NaCT
transporter in vitro. Our results show
that the new mutations in NaCT are also
associated with severe epilepsy, develop-
mental delays and dental abnormalities.
To date, there is no treatment that fully
abolishes the epilepsy, although some
antiepileptic drugs reduce the symp-
toms. The severity of the disease is in
agreement with the functional findings:
none of the NaCT mutants had func-
tional activity although some were found
on the plasma membrane. None of the
treatments tested in vitro could rescue
the function of the mutated transporters.
Furthermore, the mutated transporters
appear to interact with one another.

Several key features may aid in the
identification of SLC13A5 disorder in a
clinical setting. The onset of seizures in
the first week of life and the presence of
dental abnormalities agree with previous



reports (3) and might be clues to help
clinicians. The diagnosis to date requires
sequencing of the SLC13A5 gene, avail-
able via gene panel and exome sequenc-
ing. Most of the children have ongoing
seizures of varied types (myoclonic, con-
vulsions and focal seizures), although the
frequency varied greatly (many per day
to rare, less than once a year). Because
of the small study size and variety of
mutations reported, we were unable to
identify any clear genotype—-phenotype
correlations either within our study
population or when comparing our data
with prior studies.

Treatments that seemed to improve
seizure control in several patients were
primarily drugs that affect the GABA
neurotransmitter system (phenobarbital,
clobazam, diazepam and lorazepam).
Several parents also noted that sodium
channel blocking agents, phenytoin and
lamotrigine, were helpful though may
have exacerbated myoclonus in one
patient. Several families have felt that
acetazolamide has been helpful. This is
interesting in light of its ability to alter
urinary citrate excretion, possibly as a
consequence of changes in urinary or
renal cell pH (28,29). However, it is also
possible that the effects of acetazolamide
are related to changes in pH or metab-
olism in the CNS (27). We do not yet
know whether elevated plasma citrate
contributes to the pathogenesis of this
disorder. In contrast to previous reports
(3), we found that the ketogenic diet or
low caloric intake seemed to exacerbate
seizures, including episodes of status
epilepticus in two patients. Unlike some
other disorders of CNS energy depletion
that respond favorably to the ketogenic
diet, such as glucose transporter defi-
ciency or pyruvate dehydrogenase defi-
ciency, lack of citrate transport cannot be
rescued by a high-fat diet (4,41).

The mechanism by which mutations
in SLC13A5 result in epilepsy is not yet
known. To address this, we examined the
functional properties of NaCT mutants
in cultured cells. The wild-type NaCT
transporter had high citrate transport ac-
tivity above background, but none of the

mutants found in epilepsy patients had
activity. The structural models suggest
that the mutations alter substrate binding
or helix packing, which would be ex-
pected to have severe effects on transport
function. Two of the mutants, DelG and
G219R, appeared to induce citrate, succi-
nate and glutarate activity in COS-7 cells,
which may indicate that these mutants
could potentially induce other transport-
ers in vivo, although this remains to be
tested. An alternate explanation for the
function seen in cells expressing G219R
is that G219R has intrinsic activity with
altered substrate specificity. However,
transport activity with the same substrate
profile was seen with a deletion mutant
of NaCT, which is unlikely to have ac-
tivity because it is missing most of the
substrate binding site. Three of the mu-
tants tested in this study, Y32C, G219R
and L492P, were located on the plasma
membrane showing that these muta-
tions have severe effects on function.

We were unable to detect T227M and
L488P proteins in whole cell lysates. A
previous study examined the cellular dis-
tribution of T227M and G219R (3) using
constructs that added an epitope tag at
the N-terminus, which may alter tissue
distribution of membrane proteins. Our
cell surface biotinylation results with un-
tagged G219R using specific anti-NaCT
antibodies agree with the previous study
showing that tagged G219R is found on
the plasma membrane (3), but unlike
that study, our antibodies identified fully
glycosylated G219R rather than just one
lower mass band. Furthermore, we did
not find protein expression of T227M,
whereas the tagged T227M was found
on the plasma membrane in the previous
study (3).

One surprising finding in this study
was the potential interaction between
wild-type and mutant NaCT transport-
ers in cotransfection experiments. The
DelG mutant did not affect NaCT protein
expression or activity, suggesting that
DelG does not interact with NaCT. The
truncated DelG protein may be missing
key interaction sites. However, the point
mutants all decreased protein expression,
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with subsequent decreased activity, of
the wild-type transporter. In particular,
coexpression of T227M and wild-type
NaCT had very low protein expression
and transport activity. This result might
suggest that heterozygotes between wild
type and mutants could have reduced
NaCT expression and activity, although
the health consequences of reduced
activity are not known. There are no
reports of seizures or other neurologic
problems from a heterozygous SLC13A5
state of the parents or siblings, suggest-
ing that reduced activity is not delete-
rious, in contrast to the absent NaCT
transport activity in the patients. Inter-
estingly, heterozygotes may have some
benefit relating to reduced liver citrate
transport. A current focus in diabetes
drug development targets the liver NaCT
with small molecule inhibitors that do
not penetrate the CNS (11,12). There is
some evidence from other members of
the SLC13 family that dimer formation
can alter function, both homodimers (19)
and heterodimers with other proteins
(42). For example, the transport activity
of the Na"/dicarboxylate cotransporter
(NaDC1 and SLC13A2) is regulated by
heterodimer formation with the organic
anion exchanger SLC26A6 (42).
Potential therapeutic approaches for
SLC13Ab5-related epilepsy involve three
general areas. The first approach would
be to improve expression or function of
the mutant transporters. For example,
one of the approaches to treating cystic
fibrosis patients with the F508del mu-
tation involves small molecule correc-
tors and stabilizers to target misfolded
proteins to the plasma membrane (43).
However, at present, our studies with
transfected cells show that none of
the chaperone treatments resulted in
increased transport activity of NaCT
mutants, possibly because the affected
proteins have no function. The second
therapeutic approach would involve
using a second citrate transporter in the
brain to bypass the inactive NaCT. The
related transporter NaDC3 (SLC13A3)
carries citrate and it is expressed in
brain (7,8), but it is not known whether
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there is overlap in distribution between
NaDC3 and NaCT in humans. Another
possible citrate transporter, SLC25A1, is
normally located in the mitochondrion,
but a splice variant localizes to the
plasma membrane in prostate, although
it has not been studied in the CNS (44).
Finally, a third approach is to identify
the physiological role of intracellular
citrate in the brain, and then to compen-
sate for the lack of plasma membrane
citrate transport in the mutants, possibly
with other metabolites. Recent studies
have suggested that epilepsy is related
to alterations in energy metabolism (45),
and citrate is a key metabolite. Related to
this, it would be important to determine
whether elevated plasma citrate contrib-
utes to development of seizures, so that
altering plasma citrate might be a thera-
peutic approach. A recent study shows
that in humans the liver accounts for
most of the clearance of citrate from the
plasma, through the activity of NaCT,
consistent with the mild elevation in
plasma citrate in two of the children (46).
There are currently no models for
epilepsy associated with SLC13A5 mu-
tations. The functional properties of
human NaCT are different from the rat
and mouse transporters. The human
NaCT has a Km for citrate around 600
pmol/L and functions as a citrate trans-
porter (5). In contrast, the rat and mouse
NaCT have Km values for citrate 20-50
pmol/L and broad substrate selectiv-
ity for citrate, succinate, fumarate and
malate (47-49). Deletion of the mouse
Slc13a5 gene (mNaCT and mIndy) results
in beneficial metabolic changes including
decreased lipid accumulation, resistance
to a high-fat diet and increased insu-
lin sensitivity (49). The Slc13a5~ mice
do not appear to have seizures (50). It
is possible that the Slc13a57~ mice are
protected from seizures because mice ex-
press two citrate transporters, NaCT and
NaDC3, on neurons and astrocytes (8),
and the citrate might be transported via
NaDC3 when NaCT is absent. Rats ex-
press NaDC3 on astrocytes and NaCT in
neurons (7), and thus may be more likely
to develop seizures after inhibition or
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deletion of NaCT. It is clear that further
study is needed to establish the distri-
bution and function of NaCT in human
brain.

CONCLUSION

We have identified nine new patients
from six families with new compound
heterozygous or homozygous mutations
in SLC13A5 that codes for NaCT. All of
the patients developed epilepsy early in
life, most within the first week, and these
patients show teeth hypoplasia, both
of which appear to be diagnostic char-
acteristics of the disorder. The mutated
NaCT transporters had no functional
activity although some were found on
the plasma membrane. We also observed
an interaction between mutant and wild-
type NaCT transporters, indicating that
these transporters may interact with
other subunits or other proteins. Future
studies are needed to identify the role of
citrate in the brain and to identify poten-
tial treatments for this disorder.
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