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Abstract

The Na+/dicarboxylate cotransporters frommouse (mNaDC1) and rabbit (rbNaDC1) differ in their ability to handle adipate, a six-carbon terminal
dicarboxylic acid. The mNaDC1 and rbNaDC1 amino acid sequences are 75% identical. The rbNaDC1 does not transport adipate and only succinate
produced inward currents under two-electrode voltage clamp. In contrast, oocytes expressing mNaDC1 had adipate-dependent inward currents that
were about 60% of those induced by succinate. In order to identify domains involved in adipate transport, we examined the functional properties of a
series of chimeric transporters made betweenmouse and rabbit NaDC1.We find that multiple transmembrane helices (TM), particularly TM 8, 9, and
10, are involved in adipate transport. In TM 10 there is only one amino acid difference between the two proteins, corresponding to Ala-504 in mouse
and Ser-512 in rabbit NaDC1. The mNaDC1-A504S mutant had decreased adipate-dependent currents relative to succinate-dependent currents and
an increase in the K0.5 for both succinate and glutarate. We conclude that multiple amino acids from TM 8, 9 and 10 contribute to the transport of
adipate in NaDC1. Furthermore, Ala-504 in TM 10 is an important determinant of K0.5 for both adipate and succinate.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Transport of citric acid cycle intermediates such as succinate
and citrate across the plasma membrane is mediated by the Na+/
dicarboxylate cotransporters (NaDCs) belonging to the SLC13
gene family [1]. The low affinity transporter, NaDC1, is localized
to the brush border membranes of renal proximal tubules and
gastrointestinal tract. In contrast, the high affinity transporter,
NaDC3, is expressed on the basolateral membrane of renal prox-
imal tubule, as well as liver, placenta and brain. The physiological
roles of NaDC1 involve absorption of dietary dicarboxylates in
the intestine and reabsorption of filtered dicarboxylates in the
kidney. NaDC3 and NaDC1 participate in organic anion secretion
by contributing dicarboxylates to the organic anion exchangers
[2]. NaDC1 in the kidney may affect the development of kidney
stones through its regulation of urinary citrate concentrations [3].
Moreover, studies in flies and worms show a potential involve-
ment of NaDCs in longevity since mutations in the genes en-
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coding dicarboxylate transporter homologs in these organisms
increased their lifespan [4,5].

Although theNaDC1 andNaDC3 transporters have overlapping
substrate specificity, there are some notable differences between
them. In general, the NaDC1 transporters prefer four-carbon dicar-
boxylates, such as succinate [6], whereas the NaDC3 transporters
carry not only succinate but also longer and bulkier dicarboxylates
such as glutarate and 2,3-dimethylsuccinate [7–9]. Interestingly,
there are some species differences among the NaDC1 transporters,
with themouse NaDC1 having a substrate specificity similar to that
of the NaDC3′s [10]. Recently, we constructed chimeras between
the mouse and rabbit NaDC1 to show that putative transmembrane
helices (TM) 3, 4, 7, and 8 are involved in glutarate transport
in mNaDC1, with TM 3–4 making the greatest contribution to
glutarate-dependent currents [11].We also found that Gly-161 next
to TM 4 affects the K0.5 for glutarate but not for succinate [11].

Our preliminary experiments showed that themouse and rabbit
NaDC1 orthologs also differ in their ability to handle adipate, a
six-carbon terminal dicarboxylate. The rabbit does not transport
adipate, whereas the mouse transports adipate quite well. There-
fore, the purpose of the present study was to identify domains and
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amino acids that determine adipate transport. Similar to our pre-
vious study, we found that multiple TMs are involved in producing
adipate-induced inward currents. However, the main determinants
of adipate transport are found in the C-terminal half of the protein,
particularly TM 10 with contributions from TM 8 and 9, very
different from the domains involved in glutarate transport [11].
Within TM 10, Ala-504 appears to be a determinant of adipate
transport. Mutation from the mouse to the rabbit sequence at this
position, mNaDC1-A504S, results in increases in the K0.5 for both
adipate and succinate, suggesting that Ala-504 is important for
substrate binding in NaDC1.

2. Methods

2.1. Chimeric NaDC1 transporters

TheNaDC1 chimeras consisting ofmouse (m)NaDC1 (GenBank™AF201903)
and rabbit (rb) NaDC1 (GenBank™ U12186) are named using the number of
transmembrane helices (TM) frommNaDC1 at the N-terminus and the lettersM and
R representingmouse and rabbit NaDC1, respectively. The current 11-TMsecondary
structure model of NaDC1 is based hydropathy analysis [12] and the location of N-
glycosylation sites and epitopes [13,14]. The chimeras in this study were the same as
those in our previous study, constructed using endogenous or introduced restriction
sites followed by subcloning [11].

2.2. Site-directed mutagenesis

Mutagenesis in transmembrane helix (TM) 10 was carried out using the
QuikChange™ site-directed mutagenesis kit (Stratagene) according to the manu-
facturer's directions. Briefly, the heat-denatured parental NaDC1 cDNA was an-
nealed with both sense and anti-sense primers containing a desired mutation. After
extension by polymerase chain reaction, the plasmid incorporating the mutagenic
NaDC1was transformed into theXL-1 blue strain ofE. coli. The finalmutantswere
verified by sequencing at the Protein Chemistry Laboratory of the University of
Texas Medical Branch.

2.3. Preparation of Xenopus oocytes and injection of cRNA

Female Xenopus laevis were purchased from Xenopus I (Dexter, MI). Stage V
and VI oocytes were dissected and incubated with collagenase as described pre-
Fig. 1. The voltage dependence of steady-state substrate-dependent currents in mNaD
currents in mNaDC1 (A) and rbNaDC1 (B) are shown as a function of different vo
inward currents were seen in the presence of both adipate and succinate at all tested vo
presence of succinate. The data shown are mean±S.E.M., n=14 frogs.
viously [11]. The cRNAwas made by in vitro transcription with the T7 mMessage
mMachine kit (Ambion) using a linearized plasmid template containing cDNA of
wild-type, chimeric, or mutant NaDC1. The cRNAwas stored at −80 °C until use.
The oocytes were injected with 46–50 nl of cRNA the day after defolliculation and
cultured at 18 °C in Barth's medium supplemented with 5% heat-inactivated horse
serum, 2.5 mM pyruvate, 100 μg/ml gentamycin sulfate, and either 50 μg/ml
tetracycline or a mixture of 5 μg/ml ceftazidime (GlaxoSmithKline) and 100 U/ml
penicillin–100 μg/ml streptomycin (Gibco). Experiments were performed three to 6
days after injections, and culture vials and medium were changed daily.

2.4. Electrophysiology

Substrate-induced inward currents mediated by wild-type, chimeric, or mutant
NaDC1 transporters were measured using the two-electrode voltage clamp (TEVC)
method as described previously [11]. The electrode resistancewas less than 0.5MΩ.
Test voltage pulses of 100 ms between + 50 and −150 mV in decrements of 20 mV
were controlled using the pClamp6 program (Axon Instruments, Inc.). The holding
membrane potential was set at−50mVbetween the test pulses. The average of three
measurements was recorded for the individual test pulses. For the experiments, the
pulse protocol was applied first to oocytes equilibrated in choline buffer, then after
addition of sodium buffer. The test solutions containing substrates in sodium buffer
were then perfused over the oocytes. After measuring the substrate-induced cur-
rents, choline buffer was used to wash away the substrates, and subsequent experi-
ments were performed following recovery of the initial currents in choline buffer.
Experiments were repeated with oocytes from at least 3 different frogs.

The difference between steady-state currentswith andwithout substrate in sodium
buffer was defined as the substrate-dependent currents. The kinetic parameters were
analyzed using SigmaPlot software (Jandel Scientific), and the steady-state substrate-
evoked currents were fitted to the Michaelis–Menten equation: I=Imax×[S]/(K0.5+
[S]), where I is the current, Imax is the maximum current at saturating substrate
concentration, [S] is the substrate concentration, andK0.5 is the substrate concentration
producing half of the maximum currents. Statistical analysis was done using the
SigmaStat program (Jandel Scientific).

3. Results

3.1. Voltage-dependent currents in wild-type NaDC1 transporters

In our previous studies, we found that mNaDC1 and rbNaDC1
have functional differences in glutarate transport, althoughglutarate
is only one carbon longer than succinate [6,10,11,15]. Therefore, in
C1 and rbNaDC1 expressed in Xenopus oocytes. Adipate- and succinate-induced
ltages. The concentration of the substrates was 1 mM. The mNaDC1-mediated
ltages. In contrast, rbNaDC1-mediated inward currents were only detected in the
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this study we tested whether these transporters also differ in their
handling of adipate, a six-carbon terminal dicarboxylic acid. As
shown in Fig. 1, mNaDC1 had large substrate-dependent inward
currents induced by both adipate and succinate whereas rbNaDC1
had inward currents with only succinate. Adipate and succinate-
dependent currents were not detected in control oocytes (data not
shown and [16]).

3.2. Kinetics of adipate-induced currents in mNaDC1

The concentration dependence of steady-state adipate-
induced currents was examined in oocytes expressing
mNaDC1. The results of a single experiment at −50 mV are
shown in Fig. 2A and the means of three experiments at different
voltages are in Fig. 2B, C. The K0.5 for adipate was 0.54 mM,
and the Imax was −348 nA (Fig. 2A). In three experiments, the
mean K0.5

adipate was 0.70±0.12 mM (mean±S.E.M.), and the
Imax
adipate was −239±55 nA at −50 mV. The voltage dependence of
K0.5
adipate and Imax

adipate is shown in Fig. 2B, C. The K0.5
adipate was

voltage insensitive at potentials more negative than −50 mVand
gradually increased as the membrane potential became more
positive. For example, at −150mV,K0.5

adipate was 0.47±0.06 mM,
and at +50 mV, K0.5

adipate was 2.22±0.37 mM (mean±S.E.M.,
Fig. 2. Kinetics of adipate-induced currents mediated by mNaDC1. (A) The
concentration dependence of steady-state adipate-induced currents at −50 mV in
oocytes expressing mNaDC1. The result from a single experiment is shown in this
panel, and each data point represents the mean±range of duplicate measurements
in a single oocyte. The adipate concentrations were between 0.01mMand 2.5mM.
The K0.5 for adipate is 0.54 mM and Imax is −348 nA. (B) and (C), The voltage
dependence of the meanK0.5 and Imax for adipate, respectively. The data shown are
mean±S.E.M., n=3 frogs.
n=3) (Fig. 2B). The maximum adipate-induced inward currents,
Imax
adipate, were sensitive to the membrane potential, with a 3.6-fold
increase between +50 and −150 mV (Fig. 2C).

3.3. Substrate-induced currents in chimeric NaDC1 transporters

A series of chimeras, consisting of increasing substitutions by
mNaDC1 at the N-terminus (Fig. 3) were used to examine adip-
ate-dependent currents after expression in Xenopus oocytes. The
substrate-induced currents were measured using the same pulse
protocol as the one shown in Fig. 1, but for simplicity only the
data at −50 mVare shown (Fig. 4). The results were similar at all
voltages (results not shown). All of the chimeras exhibited suc-
cinate-induced currents similar to those of the wild-type mouse
or rabbit NaDC1, but differed in their adipate-induced currents
(Fig. 4A).We also tested some chimeras containing rabbit NaDC1
at the N-terminus: 7RM (containing TM 1–7 of rbNaDC1 and
TM 8–11 of mNaDC1) and 8RM (TM 1–8 of rbNaDC1 and TM
9–11 of mNaDC1). However, the succinate-induced currents
were too small for further experiments, similar to our previous
observations [11,17].

At −50 mV, the adipate-dependent currents in mNaDC1 were
61%of the succinate-induced currents, whereas in rbNaDC1 there
were no detectable currents in the presence of adipate (Fig. 4A,
B). The chimeras showed increases in adipate-dependent cur-
rents relative to the succinate-induced currents, depending on the
number of TM frommNaDC1 at the amino terminus. There were
statistically significant differences between rbNaDC1 and the
6MR chimera, the 7MR and 8MR chimeras, the 8MR and 9MR
chimeras, and the 9MR and 10MR chimeras (Fig. 4B). Overall,
the most important contributions to adipate-dependent currents
were made by TM 10 with some contributions from TM 8 and 9.
TM7 and 11 donot appear to be involved in adipate transport since
there were no differences between the 6MR and 7MR chimeras or
between the 10 MR chimera and wild-type mNaDC1 (Fig. 4B).
Our previous study with glutarate examined both substrate-depen-
dent currents and the transport specificity ratio (TSR), a protein
expression-independent constant calculated with values from dual-
label competitive uptakes, to investigate changes in relative sub-
strate specificity in the transition state [11]. However, it was not
possible to measure the TSR for adipate and succinate in this study
due to high background uptake of 14C-adipate in control oocytes,
resulting in inaccurate TSR values (data not shown).

3.4. Mutagenesis in TM 10

The largest contribution to adipate-induced currents appears
to be from TM 10, containing amino acids 519–586 (mNaDC1
numbering). There is only one amino acid difference between
mouse and rabbit NaDC1 in TM10. The mNaDC1 has an alanine
at position 504 whereas rbNaDC1 has a serine at the equivalent
position 512. The A504S mutant of mNaDC1 was expressed
in Xenopus oocytes in paired experiments with the wild-type
mNaDC1, and substrate-dependent currents weremeasured in the
presence of adipate and succinate (Fig. 5A). As shown in Fig. 5B,
the adipate-dependent currents relative to the succinate-dependent
currents were 40.4±3.9% in the A504S mutant, significantly



Fig. 3. Secondary structure models of the mNaDC1-rbNaDC1 chimeras. These chimeras were used in a previous study to examine glutarate transport [11]. The chimeras are
named using the number of TM frommNaDC1 at the N-terminus and the letters M (mouse) and R (rabbit). The junctions between chimeras are at positions: 284 (6MR), 341
(7MR), 427 (8MR), 489 (9MR) and 518 (10MR). The transmembrane helices (TM) and connected loops frommNaDC1 are shown as filled cylinders and bold lines, and those
from rbNaDC1 in open cylinders and fine lines. The N-glycosylation site is indicated by the Y. The extracellular side is at the top of the figure.
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lower than the adipate currents relative to succinate in mNaDC1
of 59.3±0.8% (n=3 paired experiments). Since TM 11 does not
seem to participate in adipate transport, the A504S mutant of
mNaDC1 should correspond to the 9MR chimera, which contains
rabbit sequence from TM10 and 11 (Fig. 3). In fact, there were no
significant differences in adipate:succinate currents between the
A504Smutant and the 9MRchimera (Fig. 4B). TheS512Amutant
of rbNaDC1was also tested but themutation of only one residue is
not enough to add function to rbNaDC1, compared with removing
one of at least three residues in the A504S mutant of mNaDC1.
The currents in the rbNaDC1-S512A mutant were the same as in
wild-type rbNaDC1 (not shown).

The kinetics of the A504S mutant of mNaDC1 were examined
with both adipate and succinate. This single mutation at position
Fig. 4. Substrate-induced currents mediated by chimeric NaDC1 transporters. (A) Subst
oocytes expressing wild-type and chimeric NaDC1. The bars represent mean±S.E.M.,
adipate-dependent currents were expressed as a percentage of the succinate-dependen
504 resulted in increases in the K0.5 for both adipate and succinate
compared with the parental transporter, mNaDC1 (Figs. 6, 7). In
the single experiment shown in Fig. 6A, theK0.5

adipate for theA504S
mutant was 1.25mMand Imax

adipate was−797 nA at−50mV. In three
experiments, the mean K0.5

adipate was 1.25±0.04 mM (mean± S.E.
M., n=3), significantly different from the mean K0.5

adipate of
0.7 mM in mNaDC1 (Fig. 2). The voltage dependence ofK0. 5

adipate

and Imax
adipate are shown in Fig. 6B, C (n=3 experiments). TheK0.5

adipate

gradually increased from 0.84 mM at −150 mV to 4.61 mM at
+50 mV (Fig. 6B). The Imax

adipate was also voltage sensitive with
almost a 5-fold increase in adipate-induced currents between
+50 mV (−364 nA) and −150 mV (−1743 nA) (Fig. 6C).

Interestingly, the affinity for succinate in the mNaDC1-A504S
mutant also changed. The A504S mutant had a K0.5

succinate of
rate-dependent currents at −50 mV in the presence of 1 mM adipate or succinate in
n=14 (mNaDC1), n=9 (rbNaDC1), n=3–6 (chimeras). (B) For each oocyte, the
t currents (data from A). Asterisks represent significant differences, Pb0.05.



Fig. 5. Substrate-dependent currents in the A504Smutant of mNaDC1. (A) Adipate- and succinate-induced currents measured at −50 mVwith substrate concentrations
of 1 mM. The bars represent mean±S.E.M., n=3 paired experiments. (B) Adipate-dependent currents expressed as a percentage of the succinate-dependent currents
(from A). The A504S mutant is significantly different from the parental mNaDC1 transporter, Pb0.05.
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291.μM and Imax
succinate of −1319 nA at −50 mV in the single

experiment shown in Fig. 7A. The mean K0.5
succinate for this mutant

was 270±32 μM (mean±S.E.M., n=3), significantly different
from the K0.5

succinate of 99±15 μM for the parental mNaDC1 but
similar to the previously reported rbNaDC1 value of 203±30 μM
[6,11]. The voltage dependence of K0.5

succinate was altered in the
Fig. 6. Adipate kinetics in oocytes expressing the mNaDC1-A504S mutant. (A)
The concentration dependence of the steady-state adipate-induced currents at
−50 mV in a single oocyte expressing the A504S mutant. Each data point
represents mean±range of duplicate measurements in a single oocyte. The adipate
concentrations were between 0.01 mM and 2.5 mM. The K0.5 for adipate is
1.25 mM and Imax is −797 nA. The voltage dependence of the (B)K0.5 and (C) Imax
for adipate. The data shown are mean±S.E.M., n=3 frogs.
A504S mutant compared with the parental mNaDC1 (Fig. 7B for
A504S, Fig. 2B for mNaDC1). The K0.5

succinate was relatively
insensitive to voltage between −50 and +50 mV, but increased at
more negative voltages ( 427 μM at −150 mV and 257 μM at
+50 mV). The Imax

succinate was sensitive to membrane potential
with an increase of about 6-fold between +50 (−331 nA) and
−150 mV (−2118 nA) (Fig. 7C).
Fig. 7. Succinate kinetics in the mNaDC1-A504S mutant. (A) Steady-state
succinate-induced currents at−50mVin the presence of different concentrations of
succinate between 25 μM and 1 mM. Duplicate measurements in a single oocyte
are expressed as mean±range at each data point. The K0.5 for succinate is 291 μM
and Imax is −1319 nA. The (B) K0.5 and (C) Imax for succinate at different voltages.
The data shown are mean±S.E.M., n=3 frogs.
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One possible explanation for the change in K0.5
succinate in the

mNaDC1-A504S mutant is that the affinity for sodium has
decreased, and the 100mMNa+ concentration used for the assay is
no longer saturating. This was tested by examining the sodium
activation of succinate-induced currents in the mNaDC1-A504S
mutant. In a single experiment, the half saturation constant,
K0.5
sodium, was 11 mM at −50 mV (data not shown), lower than the

previously reported value of 23 mM for wild-type mNaDC1 [10].
The Hill coefficient was 2.24 in the mutant (not shown) compared
with 2.1 in the wild-type [10]. Therefore, the increased K0.5

succinate

in the mNaDC1-A504S mutant compared with the parental
mNaDC1 transporter is not due to a decrease in sodium affinity.

4. Discussion

Themouse and rabbit NaDC1 transporters differ in their ability
to transport adipate, a six-carbon dicarboxylate. The mNaDC1
exhibits large adipate-induced inward currents whereas rbNaDC1
has no measurable currents in the presence of adipate. To identify
protein domains involved in determining differences in adipate
transport, a series of chimeras was constructed between mNaDC1
and rbNaDC1, and substrate-dependent currents were measured
using two-electrode voltage clamp. We found that multiple trans-
membrane helices (TM) including TM8, 9, and 10 are involved in
adipate transport. Furthermore, the mNaDC1-A504S mutant ex-
hibited changes in K0.5 for both adipate and succinate, suggesting
that Ala-504 in TM 10 is involved in recognition of both adipate
and succinate in NaDC1.

The domains in NaDC1 involved in adipate transport are also
involved in transport of other substrates. For example, the differ-
ences in the affinity for citrate between the human and rabbit
NaDC1 are determined by residues in TM7, 10, and 11 [17]. Asp-
373 in TM8 is important in both substrate and cation binding, and
exhibits differences in accessibility depending on conformational
state [18]. TM 9 and 10 appear to form part of the substrate
translocation pathway in NaDC1 [19,20]. Interestingly, different
TM are involved in handling glutarate and adipate in NaDC1. TM
3–4 are the most important in determining differences between
mNaDC1 and rbNaDC1 in the transport of glutarate, with some
contributions also fromTM7 and 8 [11]. It is likely that succinate,
adipate and glutarate have some common interactions with amino
acids in NaDC1, and there are additional interactions that are
specific to adipate and glutarate.

Although there is no information at this time on the substrate
binding pocket in NaDC1, it may have some features in common
with substrate binding pockets of other broad-specificity transport-
ers, such as the peptide transporter, PepT1 [21]. PepT1 can interact
with many different classes of compounds that conform to a given
substrate template structure, which contains at least four contact
sites between the substrate and transport protein [21]. Substrates
that can adopt the appropriate conformation interact with high
affinitywith the PepT1 protein. Similar to the PepT1 substrates, the
dicarboxylates transported by NaDC1 are flexible molecules that
can adopt multiple stable conformations [22,23]. The differences
in the substrate binding pockets between the rabbit and mouse
NaDC1 are probably the result of differences in substrate:protein
contact points or differences in the size of the substrate binding
pocket. For example, mNaDC1 may have a larger substrate bind-
ing pocket to accommodate longer chain dicarboxylates.

The mutation of alanine 504 in mNaDC1 to the serine found at
the equivalent position in rbNaDC1 produced increases in theK0.5

for both adipate and succinate. The wild-type rbNaDC1 exhibits
very high discrimination between the two substrates since there
were no currents induced by adipate. Although the decrease in
adipate affinity in mNaDC1-A504S is approaching the rabbit phe-
notype, the discrimination between substrates has not increased,
since the K0.5 increased for both succinate and adipate. This result
suggests that Ala-504 may be an important determinant of dicar-
boxylate binding but not of distinguishing between substrates.
Possibly the interaction betweenAla-504 and residues in TM8 and
9 is required for discrimination between substrates.

In contrast to the functional changes in the mNaDC1-A504S
mutant, we observed no changes in the rbNaDC1-S512A mutant.
In our previous study, the rbNaDC1-S512C mutant was not ex-
pressed on the plasmamembrane, suggesting that a cysteine at this
position produces amisfoldedprotein [20]. In the present study, the
rbNaDC1-S512A mutant had similar substrate-dependent inward
currents as the wild-type rbNaDC1 (not shown). Since multiple
amino acids are likely to be required for the transport of adipate,
changing a single residue in rbNaDC1 may not be enough to add
function. In the mNaDC1, changing a single residue in the A504S
mutant still leaves other residues in TM 8 and 9, with the result of
reducing substrate affinity but not completely abolishing transport
of adipate. However, we cannot completely rule out the possibility
that the changes in K0.5 for substrates in the mNaDC1-A504S
mutant are due to indirect effects on the substrate binding site as a
result of changes in overall protein structure or in the number of
water molecules in the substrate binding pocket.

At present, the reason for the functional difference between
alanine and serine in binding adipate in NaDC1 has not been
determined. The size of alanine and serine residues are not very
different, 26.3 and 30.4 A3, respectively, and serine is thought of
as a hydroxylated version of alanine [24]. However, the hydroxyl
group in serine renders it more hydrophilic than alanine. In ad-
dition, serine residues can introduce a bend angle into a trans-
membrane helix compared with alanine, which could potentially
displace other residues [25]. Serines have been shown to participate
in substrate and cation binding in transport proteins. In the Na+/
sulfate transporter, also a member of the SLC13 family, serines are
found at positions 260 and 288, whereas alanines are found at the
equivalent positions in the dicarboxylate transporters. Mutation of
these serines to alanine decreases affinity for sulfate and alters
cation specificity [26]. A similar involvement of serines in sub-
strate and cation binding has been seen in the vesicular monoa-
mine transporter, VMAT [27], the Na+–Cl− dependent serotonin
transporter [28], and the Na+/K+-ATPase [29].

The voltage-dependence of adipate transport in the wild-type
mNaDC1 is very similar to the voltage-dependence of succinate
transport in other NaDC1 orthologs from rabbit, human [6,30] and
mouse (results not shown) and in high-affinity NaDC3 orthologs
from human, mouse and flounder [9,31,32]. The maximal sub-
strate-dependent inward current, Imax, increases withmore negative
voltages indicating that voltage-dependent steps are a general pro-
perty of sodium-dependent transporters from the SLC13 family.
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This voltage dependence suggests that a rate-limiting step in the
transport cycle involves translocation of negative charges through
the electric field as the empty carrier reorients to face the outside of
the cell [31,33]. The K0.5 in these transporters is relatively insen-
sitive to negative voltages, indicating that substrate binding is not
affected by electric field, despite the fact that the substrates are
divalent anions. Many of these transporters also exhibit an increase
in K0.5 at positive voltages. The voltage-dependence of adipate
transport in the mNaDC1-A504S mutant is very similar to that of
the wild-type mNaDC1.

In contrast, the voltage-dependence of succinate transport in
the mutant is different from the parental transporter, with an
increase in K0.5

succinate as the voltage becomes more negative. A
similar effect of voltage on K0.5 has been observed for citrate
binding in wild-type rat NaDC1 [34], the Na+/Cl−/GABA
transporter [35], and the H+-coupled oligopeptide transporter
[36]. At least one of the cation binding sites and the substrate
binding site appear to be located close together in the C-terminal
half of NaDC1 [37], so it is possible that the A504S mutation
may affect the voltage-dependent binding of Na+ ions, leading to
a change in voltage-dependence in K0.5

succinate. Nevertheless, it is
not clear why substitution of one neutral amino acid by another
in the mNaDC1-A504S mutant should result in an alteration in
voltage dependence of succinate binding but not adipate.

In conclusion, the mouse and rabbit NaDC1 exhibit differ-
ences in the transport of the six-carbon dicarboxylate, adipate.
The mNaDC1 has adipate-dependent inward currents whereas
rbNaDC1 exhibits no currents in the presence of adipate. The
results of the chimera and mutagenesis studies show that the
differences in adipate transport between mNaDC1 and rbNaDC1
are determined predominantly by Ala-504 found in TM 10, with
contributions from residues in TM8 and 9. Interestingly, the amino
terminal half of mNaDC1 does not play a major role in adipate
recognition, unlike our previous findings with glutarate transport,
although adipate and glutarate differ in length by only one carbon
[11]. We conclude that TM 8, 9 and 10 are involved in adipate
transport inNaDC1.Ala-504 in TM10 is an important determinant
of dicarboxylate binding in the initial Michaelis complex, and
other residues in TM8 and9 also participate in adipate recognition.
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