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ABSTRACT: The Na+/dicarboxylate symporter from Staphylococcus
aureus, named SdcS, is a member of the divalent anion sodium
symporter (DASS) family that also includes the mammalian SLC13
Na+/dicarboxylate cotransporters, NaDC1 and NaCT. The mamma-
lian members of the family are sensitive to inhibition by anthranilic
acid derivatives such as N-(p-amylcinnamoyl)anthranilic acid (ACA),
which act as slow inhibitors. This study shows that SdcS is inhibited by
ACA as well as the fenamate nonsteroidal anti-inflammatory drugs,
flufenamate and niflumate. The inhibition was rapid and reversible.
The IC50 for ACA was approximately 55 μM. Succinate kinetics by SdcS were sigmoidal, with a K0.5 of 9 μM and a Hill coefficient
of 1.5. Addition of ACA decreased the Vmax and increased the Hill coefficient without affecting the K0.5, consistent with its activity
as a negative modulator of SdcS activity. ACA inhibition was not correlated with the K0.5 for succinate in SdcS mutants, and ACA
did not affect the reactivity of the N108C mutant to the cysteine reagent, MTSET. We conclude that ACA and other anthranilic
acid derivatives are effective allosteric inhibitors of SdcS. Furthermore, the mechanism of inhibition appears to be distinct from
the mechanism observed in human NaDC1.

The Na+/dicarboxylate symporter from Staphylococcus
aureus, SdcS, is a member of the divalent anion sodium

symporter (DASS) family that also includes the mammalian
solute carrier 13 (SLC13) family.1,2 The amino acid sequence
of SdcS is approximately 35% identical to that of the
mammalian SLC13 transporters, and its function is very
similar. SdcS couples two Na+ ions to the transport of four-
carbon dicarboxylate substrates such as succinate, fumarate, and
malate.3,4 Very recently, the crystal structure of the Na+/
dicarboxylate transporter from Vibrio cholerae, VcINDY, also a
DASS family member, was published.5 The structure is in an
inward-facing conformation with one sodium and one citrate
molecule bound to the protein. The VcINDY protein fold is
distinct from those of the neurotransmitter transporter and
glutamate transporter families (LeuT and GltPH families,
respectively), although there is a similar topology pattern of
two halves related by inverse symmetry.6

The mammalian members of the SLC13/DASS family
include three sodium-coupled transporters for dicarboxylates:
NaDC1, NaDC3, and NaCT.1 These plasma membrane
transporters are important for absorbing divalent anion
substrates, such as succinate or protonated citrate, from the
plasma or renal tubular filtrate. The dicarboxylate transporters
from the SLC13 family are all sensitive to inhibition by
anthranilic acid derivatives, particularly N-(p-amylcinnamoyl)-
anthranilic acid (ACA).7 The Ki/IC50 for ACA is around 15 μM
in human NaDC1.7 ACA behaves as a slow and reversible
inhibitor that produces a decrease in Vmax without affecting Km.
The mammalian SLC13 transporters are also inhibited by
fenamate-based nonsteroidal anti-inflammatory drugs
(NSAIDs), including flufenamate and niflumate, although

with very low affinity.8 For example, the IC50 for flufenamate
in hNaDC1 is ∼2 mM.8

In this study, we examined inhibition of S. aureus SdcS by
anthranilic acid derivatives. We found that most of the
compounds that were tested inhibited the transport of
succinate by SdcS, and the overall profile of inhibitors differed
from that of human NaDC1. The most potent inhibitors of
SdcS were ACA, Fmoc-anthranilic acid, and ONO-RS-082. The
fenamate NSAIDS, flufenamate and niflumate, were also
effective inhibitors. SdcS appeared to have an allosteric binding
site for inhibitors, which act as negative modulators of
transport, resulting in a decrease in Vmax without affecting
substrate affinity. Inhibition of the N108C mutant by ACA
appeared to be independent of its inhibition by the cysteine
reagent MTSET. We conclude that the dicarboxylate trans-
porters of the DASS family, ranging from bacteria to humans,
contain allosteric inhibitory binding sites for anthranilic acid
derivatives. However, there appear to be differences in the
mechanism or rate of inhibition in the bacterial and mammalian
DASS transporters.

■ EXPERIMENTAL PROCEDURES

Preparation of Membrane Vesicles. Escherichia coli strain
BL21 [F− ompT hsdSB(rB

− mB
−) gal dcm] (Lucigen) was used

as a host for expression and function of plasmid-encoded
pQE80L-SdcS.3 This recombinant plasmid encodes SdcS with
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an N-terminal mRGS(H)6GS amino acid extension and places
SdcS expression under control of a T5 promoter/lac operator
element. Overnight cultures of bacteria transformed with the
SdcS plasmid were used to inoculate 500 mL of LB-Lennox
broth (1:10 dilution) containing 50 μg/mL carbenecillin. Cells
were grown at 37 °C to an optical density at 660 nm of 0.4−
0.6. To induce SdcS expression, isopropyl β-D-galactopyrano-
side (IPTG) was added to a final concentration of 150 μM and
cell growth was continued for an additional 2 h. Right-side-out
(RSO) membrane vesicles from E. coli expressing SdcS were
prepared as described previously.9 Briefly, the washed cell
pellets after IPTG induction were treated with DNase, RNase,
and lysozyme followed by osmotic lysis with 50 mM potassium
phosphate buffer (pH 6.6).9 The membranes were then purified
by differential centrifugation. RSO vesicles were resuspended in
100 mM potassium phosphate (KPi) buffer (pH 7), frozen in
liquid nitrogen, and stored at −80 °C.
Inside-out membrane vesicles (ISO) were also prepared as

described previously.9 Washed cell pellets after IPTG induction
were treated with 0.5 mg/mL DNase and RNase and then
passed through a French pressure cell (Thermo Scientific) at
4000 psi. Unbroken cells and organelles were removed by low-
speed centrifugation at 10000g for 15 min at 4 °C. Membranes
were sedimented by ultracentrifugation at 200000g for 45 min
at 4 °C. Pellets containing crude ISO vesicles were resuspended
in 100 mM KPi buffer (pH 7.4) and further purified by sucrose
density centrifugation at 27000 rpm (SW 32Ti rotor, Beckman)
for 15 h at 4 °C. The sucrose density step gradient was
prepared with 0.77, 1.44, and 2.02 M sucrose in 10 mM HEPES
(pH 7.4). The upper band of membranes at the interface
between 0.77 and 1.44 M sucrose was collected with a gradient
collector and pelleted by ultracentrifugation at 200000g for 45
min at 4 °C. ISO membrane vesicles were resuspended in 100
mM KPi buffer (pH 7.4), frozen in liquid nitrogen, and stored
at −80 °C. Phenylmethanesulfonyl fluoride (PMSF, 0.5 mM)
was added to all the steps to reduce the level of proteolysis.
Transport Assays. The uptake of [14C]succinate by RSO

and ISO membrane vesicles was performed by using a rapid

filtration method, also as described previously.9 Unless
otherwise noted, the transport buffer contained 10 mM NaCl
(final concentration), 90 mM choline chloride, and 50 mM
MOPS, adjusted to pH 7 with 1 M Tris. Transport buffer (40
μL) containing 20 μM [14C]succinate [specific activity of 62
mCi/mmol (Moravek Biochemicals)] was added to the bottom
of a plastic tube (Falcon). A 10 μL drop of vesicles was added
to the side of the tube, and the reaction was initiated by
vortexing the two together. The final concentration of sodium
was 10 mM. The reaction was stopped with 1 mL of ice-cold
choline buffer [100 mM choline chloride and 50 mM MOPS
(pH 7)], filtered immediately through a Millipore filter (0.45
μm pore size, type HAWP), and washed with 4 mL of ice-cold
choline buffer. The radioactivity retained by the filters was
measured by liquid scintillation counting.
For inhibition assays with ACA or other compounds, 40 μL

of the vesicles was preincubated with 10 μL of an inhibitor
stock solution for 10 min at room temperature. Inhibitor stock
solutions were made in DMSO and then diluted in choline
buffer before being added to the preincubation mixture. The
final volume of DMSO in the transport reaction was 0.5%.
Control solutions contained vehicle without inhibitor. The
preincubation was followed by succinate transport assays in
which 10 μL of pretreated vesicles was added to 40 μL of
transport buffer containing [14C]succinate and the same
concentration of inhibitor as in the preincubation solution.
The transport reaction was stopped with 1 mL of ice-cold
choline buffer, as described previously. IC50 values were
determined by fitting the data to a four-parameter logistic
curve (SigmaPlot 10.0, Systat Software Inc.). For kinetic
experiments, apparent kinetic constants for succinate transport
were determined by fitting initial transport rates (10 s) to the
Hill equation [v = (Vmax[S]

nH)/(K0.5
nH + [S]nH), where [S] is the

succinate concentration and nH is the Hill coefficient] using
nonlinear regression analysis (SigmaPlot version 10.0, Systat
Software Inc.).

Transport Experiments with hNaDC1. The human
NaDC1 transporter in the pcDNA3.1 plasmid was transiently

Figure 1. Structures of the compounds used in this study, listed in the order in which they are presented in Figure 2. The names of the compounds
are listed in Table 1.
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expressed in COS-7 cells in 24-well plates, as described
previously,10 for initial screens of the inhibitors. Later IC50
measurements were done using HEK-293 cells, which have a
higher level of expression of transfected hNaDC1, in 96-well
white-sided Corning plates coated with poly-D-lysine. The
HEK-293 cells were cultured in DMEM medium supplemented
with 25 mM HEPES, 2 mM Glutamax, 1 mM sodium pyruvate,
0.1 mM nonessential amino acids, 10% heat-inactivated fetal
calf serum, 100 units/mL penicillin, and 100 μg/mL
streptomycin. The cells were transiently transfected using X-
tremeGENE 9 (Roche) at a 3:1 ratio. Transport assays with
[14C]succinate were conducted 48 h after transfection, also as
described previously.7,10 Cells were dissolved using Ultima
Gold scintillation cocktail (Perkin-Elmer), and then the plates
were counted directly using a Wallac Microbeta plate
scintillation counter. For all experiments, uptakes in vector-
transfected cells were subtracted from uptakes in hNaDC1
plasmid-transfected cells to correct for background counts.

■ RESULTS
Inhibition of SdcS by Anthranilic Acids and/or

Fenamates. Our previous study showed that the mammalian
DASS/SLC13 transporters are sensitive to inhibition by
anthranilic acid derivatives, particularly ACA.7 Therefore, we
tested the inhibition of succinate transport in the bacterial
homologue, SdcS, using a similar series of anthranilic acid
derivatives at 100 μM. The structures of the compounds used
in this study are shown in Figure 1, and the names are listed in
Table 1. As shown in Figure 2, all of the compounds tested

inhibited SdcS transport activity. The strongest inhibition
(shown by the lowest percent activity remaining after treatment
with inhibitor) was seen with ACA, Fmoc-anthranilic acid, and
ONO-RS-082, with <15% activity remaining. The fenamates,
flufenamate and niflumate, produced intermediate inhibition,
with <50% activity remaining. Tranilast, meclofenamate, and
mefenamate treatment resulted in 56−71% activity remaining.
Finally, 5-chloro-N-(2-chloroacetyl)anthranilic acid (5-chloro-
AA) produced the smallest amount of inhibition, with ∼80%
activity remaining.
ACA Inhibition and Time Course. ACA is a slow-onset

inhibitor of human NaDC1, requiring preincubation for at least
3 min before inhibition can be detected and preincubation for
at least 10 min for the full effect.7 In contrast, the time course of
the response of SdcS to ACA was very different (Figure 3A).
Unlike the slow inhibition of the human transporter, the
inhibition of SdcS by ACA appeared to be immediate, or at

least within the 30 s time point used for the succinate transport
assay. There was no difference in transport inhibition after
different ACA preincubation times (Figure 3A). We also
examined the reversibility of inhibition (Figure 3B). For this
experiment, the vesicles were preincubated with and without
ACA, and then the transport was measured in the presence or
absence of added ACA. The addition of transport buffer
containing [14C]succinate resulted in a 5-fold dilution of the
preincubation buffer, and the final concentration of ACA was
either 40 μM (+ condition) or 8 μM (− condition). The level
of transport of succinate by SdcS was reduced by ∼75% when
ACA was present in both the preincubation and transport
solutions (labeled +/+ in the figure). However, there was <10%
inhibition of transport of succinate after dilution of the
preincubation ACA to 8 μM (labeled +/− in the figure),
indicating that the inhibition by ACA is rapidly reversible.
Therefore, although the human and bacterial transporters bind
ACA, the mechanism and rate of inhibition appear to be quite
different.

Inhibitor Concentration Dependence. The concentra-
tion dependence of inhibition of [14C]succinate transport in
SdcS is shown in Figure 4. The experiments were repeated with
at least two different batches of membrane vesicles. The IC50
values were 64 μM (Figure 4) and 47 μM (second experiment)
for ACA, 57 μM (Figure 4) and 76 μM for ONO-RS-082, 51
μM (Figure 4) and 36 μM for Fmoc-anthranilic acid, and 84
μM (Figure 4) and 82 μM for flufenamate. In the experiment
shown in Figure 4, the IC50 value for mefenamate was 70 μM
and the inhibition was incomplete, with a maximal level of
inhibition of ∼50%. In three experiments, the IC50 for
mefenamate was 91 ± 9 μM and the maximal level of
inhibition was 64 ± 9%. Note that the highest concentration of
mefenamate that could be tested was 5 mM because of
solubility problems.

Table 1. Compounds Used in This Studya

Number Name

1 ACA, N-(p-amylcinnamoyl)anthranilic acid
2 N-Fmoc-anthranilic acid, N-(9-fluorenylmethoxycarbonyl)

anthranilic acid
3 ONO-RS-082, N-(p-amylcinnamoyl)amino-4-chloroanthranilic acid
4 flufenamate, N-(3-trifluoromethylphenyl)anthranilic acid
5 niflumate, 2-[(3-trifluoromethyl)aniline]nicotinic acid
6 tranilast, N-(3′,4′-dimethoxycinnamoyl)anthranilic acid
7 meclofenamate, 2-[(2,6-dichloro-3-methylphenyl)amino]benzoic

acid
8 mefenamate, 2-[(2,3-dimethylphenyl)amino]benzoic acid
9 5-chloro-AA, 5-chloro-N-(2-chloroacetyl)anthranilic acid

aThe numbers refer to the structures shown in Figure 1.

Figure 2. Inhibition of SdcS transport by anthranilic acid derivatives
and NSAIDs. Transport of 20 μM [14C]succinate was measured in the
presence or absence of 100 μM inhibitor in right-side-out membrane
vesicles expressing SdcS; 30 s uptakes were measured in transport
buffer containing 10 mM sodium. Data are expressed as a percentage
of control activity in the absence of inhibitor. Bars represent means ±
the standard error of the mean (n = 3−5 separate membrane
preparations). Dotted lines are shown at 50 and 100% activity.
Abbreviations: FMOC, N-Fmoc-anthranilic acid; 5-chloro-AA, 5-
chloro-N-(2-chloroacetyl)anthranilic acid.
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Kinetic Effects of ACA Inhibition. The kinetics of
succinate transport by SdcS were compared in paired
experiments in the same vesicle preparations with and without
ACA. Succinate kinetics by SdcS were sigmoidal and were
analyzed using the Hill equation. In the experiment shown in
Figure 5, the K0.5 for succinate was 8.2 μM, the Vmax was 5071
pmol mg−1 min−1, and the Hill coefficient (nH) was 1.46. In
four experiments, the mean K0.5 was 9.4 ± 1.5 μM, the Vmax was
5768 ± 613 pmol mg−1 min−1, and the Hill coefficient (nH) was

1.52 ± 0.16 [mean ± standard error of the mean (SEM)]. In
previous studies, we used the Michaelis−Menten equation to
analyze succinate kinetics in SdcS,9 but reanalysis of the same
data using the Hill equation showed that the Hill coefficient
was 1.41 ± 0.14 (n = 3). Addition of ACA to right-side-out
membrane vesicles expressing SdcS changed both the Vmax and
the Hill coefficient, with no change in the K0.5 for succinate. In
the experiment shown in Figure 5, the K0.5 in the presence of
ACA was 8.3 μM, the Vmax was 2582 pmol mg

−1 min−1, and the

Figure 3. Time course and reversibility of ACA inhibition. (A) Time course. Transport of 20 μM [14C]succinate was measured in right-side-out
membrane vesicles expressing SdcS in the presence (ACA) or absence (control) of 100 μM ACA. Vesicles were preincubated with inhibitor or
vehicle in choline buffer for up to 15 min, and then 30 s uptakes were measured in transport buffer containing 10 mM sodium. Data points represent
means ± the range (n = 2 measurements from a single membrane preparation). (B) Reversibility. Transport of 20 μM [14C]succinate was measured
in right-side-out membrane vesicles expressing SdcS (as in panel A). The vesicles were preincubated for 10 min with 40 μM ACA or DMSO
(indicated by the first + or −), followed by either ACA or DMSO in the transport solution (indicated by the second + or −). ACA (+/+) indicates
ACA in both pre and transport solutions, and ACA (+/−) had only ACA in the preincubation solution. Data points represent means ± the range (n
= 2 experiments with separate membrane preparations).

Figure 4. Concentration dependence of inhibition. Transport of 20
μM [14C]succinate was measured for 10 s in right-side-out membrane
vesicles expressing SdcS in the presence of different inhibitors.
Mefenamate was tested up to 5 mM; all of the points were used for the
curve fit, but only the data up to 1 mM are shown in the figure. The
data shown are means ± the range (n = 2 measurements from a single
membrane preparation). The IC50 values were 64 μM for ACA, 57 μM
for ONO-RS-082, 51 μM for Fmoc-anthranilic acid, 84 μM for
flufenamate, and 70 μM for mefenamate.

Figure 5. Effect of ACA on succinate kinetics by SdcS in RSO vesicles;
10 s uptake measurements of [14C]succinate, in the presence and
absence of 40 μM ACA, were measured in RSO vesicles expressing
SdcS. The sodium concentration was 10 mM. Kinetic constants for
succinate from this experiment for the control group were as follows:
K0.5 = 8.2 ± 1.4 μM, nH = 1.46 ± 0.28, and Vmax = 5071 ± 376 pmol
mg−1 min−1 (mean ± standard error of the fit). In the presence of
ACA, the kinetic constants were as follows: K0.5 = 8.3 ± 1.1 μM, nH =
2.25 ± 0.67, and Vmax = 2582 ± 168 pmol mg−1 min−1. The data
points represent means ± the range (n = 2 measurements from a
single membrane preparation).
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Hill coefficient (nH) was 2.25. In three experiments with ACA
present, the mean K0.5 was 8.8 ± 0.6 μM and the Hill coefficient
(nH) was 2.48 ± 0.15 (mean ± SEM) . The normalized Vmax in
the presence of ACA was 37 ± 7% of the control (mean ±
SEM; n = 3). Therefore, ACA appears to be a negative allosteric
modulator of SdcS succinate transport.
ISO Vesicles. In some sodium-dependent transport

proteins, the inhibitory binding site is located on one side of
the membrane. For example, ibogaine inhibits the serotonin
transporter when applied from the outside but not the inside of
the cell.11 Flufenamate, in contrast, has been shown to affect
potassium channels from both the inside and the outside of the
cell, possibly involving different mechanisms.12 Therefore, we
examined the inhibition of succinate transport by ACA in
inside-out membrane vesicles (ISO) (Figure 6). If the binding

site is more accessible from one side or the other, we would
expect to see a difference in sensitivity. However, the inhibition
by ACA in ISO vesicles was similar to that in RSO vesicles, with
approximately 40% inhibition of transport by 50 μM ACA.
ACA is membrane-permeant, and one possibility is that the
inhibition would be slower if ACA had to diffuse across the
membrane to its binding site. However, the preincubation time
had no effect on succinate transport activity in ISO vesicles
treated with 40 μM ACA: 42 ± 3.6% activity remaining
(preincubation for 0 min) versus 40.9 ± 3.3% activity
remaining (preincubation for 10 min) (mean ± SEM; n = 3
vesicle preparations; results not shown).
Inhibition of SdcS Mutants by ACA. We next examined

the effect of ACA on SdcS mutants. We found previously that
wild-type SdcS and the C457S and N108C/C457S mutants
have similar Km values for succinate.9 However, the L436C/
C457S mutant has a higher Km value.9 The single endogenous
cysteine in SdcS at position 457 is not required for function,
and the Km for succinate in the C457S mutant is similar to that
of the wild type.9 However, the C457S mutant appeared to be
less sensitive to inhibition by ACA (Figure 7A). The N108C/
C457S double mutant was similar to C457S, but L436C/C457S
restored the ACA sensitivity to that of the wild type (Figure
7B). Overall, the ACA sensitivity was not correlated with the

Km for succinate, in agreement with the kinetic findings that
ACA affects Vmax rather than substrate affinity.
The cysteine mutants were originally prepared for experi-

ments involving the membrane-impermeant cysteine reagent,
MTSET.9 Our previous study showed that the N108C/C457S
double mutant was sensitive to inhibition by MTSET in both
RSO and ISO vesicles, whereas the L436C/C457S mutant was
not affected.9 Therefore, we examined whether ACA could
affect the sensitivity of N108C/C457S to MTSET. There was
no difference in the dose response to MTSET in the presence
or absence of 40 μM ACA (Figure 7B), with average IC50
values for MTSET of 44 ± 17 μM (without ACA) and 37 ± 1
μM (with ACA) (n = 2 experiments). The pseudo-first-order
rates of inactivation calculated from the IC50 values

13 were 1.85
± 0.71 min−1 mM−1 (no ACA) and 1.90 ± 0.03 min−1 mM−1

(with ACA). Therefore, the effect of ACA on N108C/C457S
appears to be independent of the effect of MTSET.
Interestingly, the maximal level of inhibition by MTSET in
this study was ∼65%. In contrast, our previous study showed
approximately 90% inhibition of N108C/C457S by MTSET at
1 mM.9

Human NaDC1. Our previous study with human NaDC1 in
a continuous cell line did not examine all of the inhibitors
tested in the study presented here. For comparison with the
bacterial transporter, we tested the same inhibitors against
human NaDC1 using transiently transfected cells (Figure 8A).
The Km for succinate in hNaDC1 is ∼1.1 mM, and the IC50/Ki
for ACA is ∼15 μM.7,10 In this study, inhibition of hNaDC1 by
100 μM ACA, Fmoc-anthranilic acid, and ONO-RS-082 was
similar to what we observed previously.7 There was no
inhibition by flufenamate at 100 μM (Figure 8A). Interestingly,
there was consistent stimulation of succinate transport by
niflumic acid. It is not clear if this was a direct effect on the
transporter or indirect, possibly related to inhibition of
endogenous chloride channels by niflumate.14 There was a
slight inhibition (approximately 13%) by 5-chloro-AA at 100
μM. Finally, there was no transport inhibition by the other
compounds tested: tranilast, meclofenamate, and mefenamate
(Figure 8A).
The concentration dependence of some of these inhibitors

on hNaDC1 transport is shown in Figure 8B. The IC50 for ACA
was 9 μM (shown in Figure 8B), and the mean of three
experiments was 7.7 ± 2.5 μM (mean ± SEM), consistent with
our previous results. The IC50 for ONO-RS-082 was 26 μM
(Figure 8B), and the mean of three experiments was 26 ± 6
μM. The IC50 for Fmoc-anthranilic acid was 125 μM (Figure
8B), and the mean of three experiments was 142 ± 51 μM.
Finally, the IC50 for flufenamate was 830 μM (Figure 8B), and
the mean of four experiments was 1303 ± 320 μM, similar to
the results of previous experiments using the Xenopus oocyte
expression system.8

■ DISCUSSION

Anthranilic acid derivatives, such as ACA, have been shown to
inhibit the mammalian SLC13 dicarboxylate transporters,
NaDC1, NaDC3, and NaCT.7 The sequence of the Na+/
dicarboxylate symporter, SdcS, from S. aureus is approximately
35% identical to those of the mammalian SLC13 transporters
and has a similar sodium-coupled transport mechanism. The
main finding of our study is that succinate transport by SdcS is
also inhibited by ACA and other anthranilic acids, including the
NSAIDs, flufenamate, and niflumate. Furthermore, the

Figure 6. Inhibition of SdcS transport activity by ACA in ISO
membrane vesicles. ISO vesicles were preincubated with vehicle
(control) or 1, 50, or 100 μM ACA for 10 min. Transport uptake of 20
μM [14C]succinate was then measured for 30 s in buffer containing 10
mM sodium. The results are expressed as a percentage of control,
incubated with vehicle only. Bars represent means ± SEM (n = 3
separate membrane preparations).
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mechanism of inhibition may be slightly different in the
bacterial and mammalian transporters.
SdcS was inhibited by a wide range of anthranilic acids, with

some inhibition by all of the compounds tested in this study.
The IC50 values for ACA, ONO-RS-082, and Fmoc-anthranilic
acid were all approximately 40−60 μM, whereas the IC50 for
flufenamate was ∼80 μM. Mefenamate had a similar IC50 of
∼90 μM, but it did not completely inhibit succinate transport

by SdcS. In contrast, human NaDC1 was more sensitive to
inhibition by ACA, with an IC50 of 8 μM in this study and IC50/
Ki values of approximately 15 μM in our previous study.7 The
IC50 for flufenamate in hNaDC1 was much higher, ∼1.3 mM in
this study and 2 mM in hNaDC1 expressed in Xenopus
oocytes.8 The inhibitor IC50 values were not related to the
relative succinate affinities in the two transporters, with a K0.5

for succinate of 9 μM in SdcS compared with a Km of 590 μM

Figure 7. (A) Inhibition of succinate transport by ACA in wild-type and mutant SdcS. The N108C and L436C mutants were made in a C457S
background. Right-side-out membrane vesicles were treated with 40 μM ACA or vehicle for 10 min, and then transport of 20 μM [14C]succinate was
measured for 30 s in buffer containing 10 mM sodium. The transport activity is expressed as a percentage of control without ACA. The bars
represent means ± SEM (n = 3 separate membrane preparations). (B) Effect of ACA on inhibition of succinate transport by MTSET in the N108C
mutant. RSO vesicles expressing N108C were preincubated for 10 min with increasing concentrations of MTSET (0−2000 μM) with or without 40
μM ACA. Transport of 20 μM [14C]succinate was measured for 30 s. The data are shown as a percentage of the control without MTSET. The
addition of ACA inhibited transport by 71.2%.

Figure 8. (A) Inhibition of human NaDC1 by anthranilic acids. The cells transfected with the hNaDC1 plasmid were preincubated with inhibitor for
10 min, followed by 30 min uptakes using 10 μM [14C]succinate. The inhibitors are listed in the same order as in Figure 2, and the results are
expressed as a percentage of the control without inhibitor. Note that niflumic acid consistently stimulated transport. The bars represent means ± the
range (n = 2 separate experiments). (B) Succinate transport activity by hNaDC1 at increasing inhibitor concentrations. The data were normalized to
transport activity without inhibitor (control, 100%). The bars represent means ± SEM (n = 3 wells from a single experiment). Flufenamate was
tested up to 10 mM; all of the points were used for the curve fit, but only the data up to 1 mM are shown. The IC50 values were 9 μM for ACA, 26
μM for ONO-RS-082, 125 μM for Fmoc-anthranilic acid, and 830 μM for flufenamate.
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in hNaDC1.10 Another important difference between the
bacterial and mammalian transporters is the fact that the onset
of inhibition and reversibility was very rapid in SdcS but
required preincubation or postincubation for several minutes in
hNaDC1.7

In this study, the inhibition of succinate transport by ACA
reduced the Vmax for transport without affecting K0.5, consistent
with a negative allosteric modulator. It was somewhat surprising
that the inhibition by ACA occurred from either side of the
membrane, in both RSO and ISO vesicles regardless of
preincubation time. However, this could indicate that there is
an alternately accessible binding site located on the opposite
side of the membrane from the substrate binding site and there
is rapid diffusion of the inhibitor across the membrane. Another
possibility is a single fixed inhibitor binding site, but inhibitor
diffusion allows rapid inhibition when applied from the other
side of the membrane. ACA is a nonspecific phospholipase A2
inhibitor that is membrane-permeant,15 so diffusion to an
inhibitory site on the opposite side of the membrane from the
substrate binding site would be possible. A less likely
explanation for the effects of ACA is that different mechanisms
mediate the effects from each side of the membrane. As an
example, flufenamate inhibits IAK

+ channels from both sides of
the membrane, although the effects seen on the inside of the
cell may be indirect through modulation of cyclooxygenase
activity.12 However, an indirect inhibition mechanism is not as
likely for SdcS because the assays were conducted using
purified membrane vesicles.
There are several well-characterized examples of transporters

that contain allosteric inhibitory sites. For example, the GLUT1
glucose transporter is inhibited by cytochalasin B, which binds
at or near the glucose efflux site on the inside of the membrane.
Cytochalasin B inhibition kinetics are noncompetitive upon
examination of influx, but competitive upon examination of
efflux or equilibrium exchange.16,17 Similarly, bongrekik acid
inhibits the mitochondrial ADP/ATP exchanger by diffusing
across the membrane and binding to the inward-facing
conformational state of the protein.18 The LeuT leucine
transporter, a bacterial homologue of the neurotransmitter
transporter family (SLC6), contains an allosteric inhibitor site
that binds tricyclic antidepressants and is accessible from the
outside of the cell.19,20 Crystal structures of LeuT show that the
antidepressant molecules bind in a vestibule separate from the
two Na+ ions and substrate.19,20 The structures suggest that
inhibition by antidepressants occurs via stabilization of the
external gate of LeuT, which prevents the intracellular release of
cations and substrate.
The recent crystal structure of a DASS family transporter,

VcINDY from Vibrio cholerae, is in an inward-facing

conformation.5 The protein has an inverted repeat structure,
with the substrate binding site consisting of residues from both
halves of the protein. At present, there is no information about
the possible location of the inhibitory binding site in the
DASS/SLC13 family, but it is likely that the site is distinct from
the substrate or cation binding sites. Figure 9 shows the
secondary structure model of SdcS, based on the VcINDY
structure. The substrate and cation binding residues in the
VcINDY structure are primarily located in the unwound helices
from the hairpin loop, HPin, and between TM 5a and TM 5b at
the N-terminal half of the protein, and in HPout and between
TM 10a and TM 10b in the C-terminal half of the protein.5

The single endogenous cysteine at position 457 in SdcS is
predicted to be located between TM 10a and TM 10b (Figure
9). Cys457 is accessible to membrane-impermeant cysteine-
specific reagents from the inside of the cell, and the C457S
mutation does not affect substrate kinetics.9 This study showed
that the sensitivity of C457S to inhibition by ACA was
decreased compared with that of wild-type SdcS, and the
L436C/C457S double mutant restored the ACA sensitivity to
wild-type levels, suggesting that the ACA binding site is located
near these residues. The N108C mutant, located in the
unwound portion of TM 4, had ACA sensitivity similar to that
of C457S. Furthermore, the presence of ACA did not alter the
reactivity of N108C to MTSET, indicating that the inhibition
by ACA occurs in a manner that is independent of the
inhibition by MTSET at position 108. Taken together, these
results support the hypothesis that at least part of the ACA
binding domain is located near the carboxy-terminal portion of
the protein, possibly around HPout and TM 10a and TM 10b.
Succinate transport by SdcS exhibited sigmoid kinetics, with

an apparent Hill coefficient of ∼1.5. This suggests that SdcS
contains at least two succinate binding sites that exhibit
moderate cooperativity.21 Our previous kinetic experiments
with SdcS did not appear to be obviously sigmoidal and were
analyzed using the Michaelis−Menten equation. Reanalysis of
the data showed Hill coefficients of 1.62 ± 0.18 in intact cells3

and 1.42 ± 0.2 in right-side-out membrane vesicles.9 However,
in proteoliposomes, the SdcS succinate kinetics were more
hyperbolic, with a mean Hill coefficient of 0.83 ± 0.02.4 It is
possible that SdcS contains a second substrate binding site,
which may or may not be evident in the kinetics, possibly
depending on the conditions. An alternate explanation is that
the two substrate binding sites are found on separate SdcS
proteins that form a dimer. The VcINDY protein forms a dimer
in the crystal structure with both protomers oriented in the
same direction,5 although there is no information about
whether the dimer is the functional unit. There is precedence
for transporters with multiple interacting subunits as well as

Figure 9. Secondary structure model of SdcS, based on the vcINDY crystal structure.5 The cytoplasmic side is at the bottom of the figure. The
positions of mutated residues from this study (N108C, L436C, and C457S) are shown as solid dots. The substrate and cation binding residues are
located primarily in HPin and TM 5 at the N-terminus and in HPout and TM 10 at the C-terminus.5
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allosteric substrate binding sites. For example, the GLUT1
glucose transporter is a tetramer (a dimer of dimers) with two
interacting sugar binding sites.22 The carnitine/butyrobetaine
antiporter (CaiT) has an allosteric regulatory substrate binding
site on the same protein, and this site needs to be occupied to
initiate substrate translocation.23 The Na+/leucine transporter
(LeuT), a neurotransmitter transporter homologue, may also
contain an allosteric regulatory substrate binding site, although
this is still being debated.24 In one study, the detection of the
second high-affinity substrate binding site in LeuT was
dependent on the conditions used to prepare the samples.25

In addition to sigmoidal succinate kinetics in SdcS, inhibition
of succinate transport by ACA resulted in a decreased Vmax and
an increased Hill coefficient, without affecting substrate affinity.
The kinetic effect of ACA is consistent with noncompetitive
inhibition, involving an allosteric inhibitor binding site that is
distinct from the substrate binding site. Depending on the
mechanism of inhibition, it is not unusual for an inhibitor to
produce increased apparent cooperativity, as shown by an
increased Hill coefficient.21 One possible mechanism of the
effect of ACA could be a reduction in the proportion of
transporters with a conformational state that allows substrate
binding.21 Alternatively, it is possible that binding of ACA to
SdcS stabilizes a conformation that has a lower transport
activity or that prevents substrate binding or release. Our
current working model is one in which SdcS contains at least
two interacting substrate binding sites, and an allosteric
inhibitor binding site that may be located on the opposite
side of the membrane from the substrate binding site. We
conclude that anthranilic acids are effective inhibitors of the
members of the DASS family, although there are differences in
the rate or mechanism of inhibition between the bacterial and
mammalian transporters.
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