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ABSTRACT: The Na'/dicarboxylate symporter (SdcS) from Staphylococcus aureus is a homologue of the
mammalian Na*/dicarboxylate cotransporters (NaDC1) from the solute carrier 13 (SLC13) family. This
study examined succinate transport by SdcS heterologously expressed in Escherichia coli, using right-
side-out (RSO) and inside-out (ISO) membrane vesicles. The K,, values for succinate in RSO and ISO
vesicles were similar, ~30 uM. The single cysteine of SdcS was replaced to produce the cysteine-less
transporter, C457S, which demonstrated functional characteristics similar to those of the wild type. Single-
cysteine mutants were made in SdcS-C457S at positions that are functionally important in mammalian
NaDC1. Mutant N108C of SdcS was sensitive to chemical labeling by MTSET {[2-(trimethylammonium)-
ethyl]methanethiosulfonate} from both the cytoplasmic and extracellular sides, depending on the
conformational state of the transporter, suggesting that Asn-108 may be found in the translocation pore
of the protein. Mutant D329C was sensitive to MTSET in the presence of Na™ but only from the extracellular
side. Finally, mutant L436C was insensitive to MTSET, although changes in its kinetic properties indicate
that this residue may be important in substrate binding. In conclusion, this work identifies Asn-108 as a
key residue in the translocation pathway of the protein, accessible in different states from both sides of
the membrane. Functional characterization of SdcS should provide useful structural as well as functional
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details about mammalian transporters from the SLC13 family.

The Na't/dicarboxylate symporter (SdcS) from Staphylo-
coccus aureus is a member of the divalent anion sodium
symporter (DASS) family that also includes the mammalian
solute carrier 13 (SLC13)' family (/). SLCI13 family
members are plasma membrane transporters that use energy
from the movement of Na* down its electrochemical gradient
to transport dicarboxylates or inorganic anions across the
membrane (2). There are three different SLC13 transporters
for citric acid cycle intermediates in humans: the low-affinity
Na*/dicarboxylate cotransporter 1 (NaDC1), the high-affinity
Na*/dicarboxylate cotransporter 3 (NaDC3), and the Na'/
citrate cotransporter (NaCT). The transport properties of SdcS
are very similar to those of the mammalian NaDC transport-
ers. SdcS is a Na™-coupled transporter that carries four-
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carbon terminal dicarboxylates, including succinate, malate,
and fumarate, with K, values between 5 and 15 uM (3).

Although a considerable amount of structure—function
information has been gained using the mammalian NaDC
transporters (4—7), there are technical difficulties with
mammalian expression systems that limit the studies to the
extracellular surface of the membrane. In contrast, prokary-
otic homologues of mammalian proteins can be expressed
in large quantities in bacteria such as Escherichia coli, which
allows detailed structural and functional characterization (8, 9).
Established methods for preparing E. coli membrane vesicles
of known orientation permits the analysis of transporters from
both the inside and outside of the cell (/0—12). The sequence
of SdcS is ~35—40% identical to that of the mammalian
NaDCI1 transporters, and several key residues are conserved
or are similar. Therefore, studies of SdcS should provide
valuable information that is applicable to the other members
of the DASS family.

In this study, we examined the functional properties of
SdcS and mutants expressed in E. coli, using right-side-out
(RSO) and inside-out (ISO) membrane vesicles to examine
the transport reactions in both directions. SdcS exhibited
similar succinate K, values in RSO compared with ISO
vesicles. The cysteine-less transporter C457S had kinetic
properties similar to those of the wild type, although there
were some differences in the effects of sodium on transport.
We also found that amino acids previously found to be
important in mammalian NaDCI1 are also important in SdcS.
The N108C mutant of SdcS was found to be accessible to
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membrane impermeant methanethiosulfonate reagents from
both sides of the membrane, indicating that this residue may
be located within the translocation pathway of the transporter,
possibly close to the substrate binding site. The D329C
mutant was accessible to MTSET in RSO vesicles and only
in the conformation seen in the presence of Na'. Mutant
L436C was not functionally affected by MTSET treatment,
but this mutant exhibited a decrease in substrate affinity in
the forward direction. In conclusion, this study establishes
SdcS as a model system for the eukaryotic NaDC1 transport-
ers and identifies key residues that may be important during
the transport cycle from both sides of the membrane.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis. Site-directed mutagenesis was
performed using the QuikChange site-directed mutagenesis
kit (Stratagene) according to the manufacturer’s instructions.
Plasmid pQE-80L/SdcS encoding SdcS with a hexahistidine
tag at the N-terminus (3) was used as a template to construct
the cysteine-less mutant, C457S. The cysteine-substituted
mutants were then made using the C457S mutant as a
template. Mutants were verified by sequencing at the
University of Texas Medical Branch (Galveston, TX) DNA
Sequencing facility.

Preparation of Membrane Vesicles. Expression of recom-
binant SdcS in E. coli BL21 [F~ ompT hsdSg(rg~ mp™) gal
dem] was as described previously (3). Overnight cultures of
E. coli transformed with plasmids (SdcS and mutants C457S,
D329C, L436C, and N108C in vector pQE-80L or pQE-
80L alone) were used to inoculate 500 mL of LB-Lennox
broth (1:10 dilution) containing 50 ug/mL carbenecillin. Cells
were grown at 37 °C to an optical density at 660 nm of
0.4—0.6. To induce protein expression, 150 uM isopropyl
p-p-galactopyranoside (IPTG) was added and cells were
harvested 2 h later by centrifugation. Cell pellets were
washed and resuspended with 100 mM potassium phosphate
(KP;) buffer (pH 7).

Right-side-out (RSO) vesicles were prepared by a modi-
fication of Kaback’s method developed by Quick and Jung
(ref 12 and personal communication from M. Quick). Briefly,
washed centrifuged cell pellets were resuspended in 300 mL
per liter of original culture of 30% sucrose and 30 mM Tris-
HCI (pH 8). RNase A (1 ug/mL) and K,-EDTA (pH 7, 10
mM) were added, and the mixture was incubated at room
temperature for 2—3 min. Lysozyme (6.4 mg to 300 mL of
resuspended pellets) was added, and flasks were incubated
with shaking for 15 min at room temperature. The cell
suspension was centrifuged for 30 min at 17000g (r,,), and
pellets were resuspended in 7.5 mL of 30% sucrose, 20 mM
MgSO,, 100 mM potassium phosphate (KP;) buffer (pH 6.6).
RNase A and DNase (1.7 mg each) were added, and
homogenates were poured into 1 L flasks containing 600 mL
of 50 mM KP; (pH 6.6). Flasks were incubated for 10 min
at 30 °C with slow shaking at 75 rpm. K,-EDTA (1 M, pH
7, final concentration of 10 mM) was added and the
incubation continued for 15 min, followed by 1 M MgSO,
(final concentration of 15 mM) and an additional 15 min
incubation. The cells were centrifuged at 27500g for 70 min.
The pellets were resuspended in a total volume of ap-
proximately 100 mL of 100 mM KP; and 10 mM EDTA
(pH 6.6). Low-speed centrifugation was performed at ~500g
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for 30 min to remove unbroken cells. The supernatants were
then centrifuged at 43400g for 30 min. RSO vesicles were
resuspended by homogenization in 100 mM KP; (pH 7),
separated into aliquots, quick-frozen in liquid N, and stored
at —80 °C.

Inside-out membrane vesicles (ISO) were prepared ac-
cording to the method of Quick and Jung (refs /2 and 73
and personal communication from M. Quick), with an
additional step to purify the membranes by sucrose density
gradient centrifugation (/4). The cells were washed and
suspended in KP; buffer (pH 7.4) to approximately 50 mL
per liter of culture. Phenylmethanesulfonyl fluoride (PMSF,
0.5 mM) was added to all steps to reduce proteolysis. The
suspensions were incubated on a platform shaker at 4 °C
with 0.5 mg/mL DNase and 0.5 mg/mL RNase A. The cell
suspensions were then passed through a French pressure cell
(Thermo Scientific) at 4000 psi. Unbroken cells and or-
ganelles were removed by low-speed centrifugation for 15
min at 10000g and 4 °C. Vesicles were then pelleted from
the supernatants by ultracentrifugation at ~184000g for 45
min at 4 °C. The pellets were resuspended by homogeniza-
tion in 2 mL of 100 mM KP; buffer (pH 7.4) and further
purified by sucrose density gradient centrifugation. The
sucrose density step gradients were prepared with 0.77, 1.44,
and 2.02 M sucrose in 10 mM HEPES (pH 7.4). Crude ISO
vesicles were added to the top of the gradient, and samples
were centrifuged at 27000 rpm (SW28 rotor, Beckman) for
15—18 h at 4 °C. The upper band of proteins at the interface
between 0.77 and 1.44 M sucrose was collected with a
gradient collector. Preliminary studies showed that this
membrane fraction contains most of the Na'-dependent
succinate transport activity in vesicles prepared from E. coli
expressing SdcS. The lower band between 1.44 and 2.02 M
sucrose contains cell wall fragments and other cellular debris
(14). The upper band from the step gradient containing ISO
vesicles was diluted approximately 5-fold with 100 mM KP;
(pH 7.4) and centrifuged at ~184000g for 45 min at 4 °C.
ISO membrane vesicles were resuspended by homogenization
in 100 mM KP; (pH 7.4). The vesicles were separated into
aliquots, quick-frozen in liquid N,, and stored at —80 °C.
For each experiment, at least three independent right-side-
out and inside-out membrane vesicle preparations were made.

Transport Assays. Uptake of ['*C]succinate by RSO and
ISO membrane vesicles was measured using a rapid filtration
assay (/5). The sodium transport buffer contained (unless
otherwise specified) 10 mM NaCl, 90 mM choline chloride,
and 50 mM MOPS (pH adjusted to 7 with 1 M Tris). The
assays were conducted at room temperature. For the assay,
40 uL of transport buffer containing ~30 M ['*C]succinate
(44 mCi/mmol, PerkinElmer Life Sciences) was placed in
the bottom of a 5 mL polystyrene Falcon tube. The reaction
was initiated by the addition of 10 uL of vesicles with
vortexing. The reaction was terminated after the appropriate
time, usually 10 s, 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 um pore size,
type HAWP) with suction, and washed with 4 mL of cold
choline buffer. The radioactivity retained by the filters was
measured by liquid scintillation counting.

Sodium activation of succinate uptake was determined by
replacing Na® with choline up to a final concentration in
the transport mixture of 80 mM. For experiments to



Conformationally Sensitive Residues in SdcS

determine kinetic constants, succinate concentrations between
1 and 200 uM (or 400 uM for RSO vesicles containing the
L436C mutant) were used. Kinetic constants (K, and V,,.x)
were determined by fitting initial transport rates (10 s) to
the Michaelis—Menten equation [v = (Viux[S])/ (K + [S]]
using nonlinear regression analysis (SigmaPlot 9, Systat
Software Inc.).

MTS Labeling. The MTSET labeling reaction was done
by combining 40 uL of the vesicles with 10 uL of 5x
concentrated solutions: 5 mM MTSET in either 25 mM Na ™/
75 mM choline buffer, 100 mM choline buffer, or 25 mM
Na*/75 mM choline buffer with 50 mM succinate for 10
min at room temperature. MTSET was weighed into tubes,
kept dark and on ice, and the buffer added just before use.
A final MTSET concentration of 1 mM was used for all the
preincubations. Control groups of vesicles were preincubated
with the same buffers but without MTSET. After the
preincubations, the transport activity remaining in the vesicles
was measured as described above.

Immunoblot Analysis. RSO and ISO vesicles (25 ug of
protein) were diluted in sample buffer [S0 mM Tris-HCI (pH
7), 10% glycerol, 4% SDS, 2% [3-mercaptoethanol, and 0.1
mg/mL Coomassie blue R-250] and heated in a boiling water
bath for 2 min. Proteins were separated by Tricine
SDS—PAGE with 10% (w/v) acrylamide and transferred to
nitrocellulose membranes (/6). Blots were incubated with
1:2000 dilutions of mouse monoclonal antibody reactive to
the SdcS N-terminal RGS(H)4 epitope tag (RGS-His anti-
body, QIAGEN) followed by 1:5000 dilution of the horse-
radish peroxidase-conjugated anti-mouse immunoglobulin G
antibody (Jackson ImmunoResearch Laboratories, Inc.). The
Supersignal West Pico chemiluminescent substrate kit (Pierce)
was used to detect antibody binding. Images were captured
with a Kodak Image Station 440CF, and Image 1D analysis
software (Eastman Kodak Co.) was used to quantitate the
protein expression.

Protein Determination. The protein content of membrane
vesicles was measured using the Bio-Rad protein assay with
y-globulin as a standard.

Statistics. Duplicate or triplicate measurements were made
for each data point. The experiments were repeated with at
least three different membrane preparations. Significant
differences between groups were identified by a Student’s ¢
test or ANOVA with P < 0.05.

RESULTS

Time Course of Na'-Dependent Succinate Transport.
Figure 1 shows time courses of succinate transport by right-
side-out (RSO) and inside-out (ISO) membrane vesicles of
E. coli BL21 cells harboring pQE-80L vector only, pQE-
80L/SdcS, or pQE-80L/C457S, encoding the cysteine-less
mutant. Vesicles expressing SdcS and C457S showed rapid
accumulation of succinate followed by a slow decline. The
succinate uptake was linear until ~15 s, and therefore, 10 s
was used as an initial time point in subsequent experiments.
The peak of the overshoot was seen at ~1 min for both SdcS
and C457S in RSO and ISO vesicles. The succinate content
of ISO vesicles expressing SdcS and C457S reached equi-
librium by 60 min, whereas the RSO vesicles still retained
some of their succinate content by that time point, possibly
due to differences in membrane permeability or vesicle
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FIGURE 1: Time course of succinate uptake by right-side-out (RSO)
and inside-out (ISO) membrane vesicles. Uptake of 30 uM
["*C]succinate was measured in transport buffer containing 10 mM
Na' by (A) RSO and (B) ISO membrane vesicles of E. coli (BL21
strain) expressing SdcS or the cysteine-less mutant, C457S. Control
vesicles were prepared from E. coli transformed with the pQE-
80L plasmid. Results are presented as means =+ the range of
duplicate measurements from a single vesicle preparation. The
experiment was repeated with similar results with three separate
vesicle preparations.

volume. The succinate content of vesicles prepared from E.
coli carrying the control plasmid, pQE-80L, showed a steady
increase toward equilibrium with no overshoot in succinate
concentration. The time course of succinate transport by SdcS
in choline was similar to that of vesicles containing the
control plasmid (not shown).

Vesicle Orientation. To verify the orientation of RSO and
ISO membrane vesicles, succinate transport activity was
measured after pretreatment with membrane-impermeant
cysteine-specific methanethiosulfonate (MTS) reagents. RSO
and ISO membrane vesicles were preincubated for 10 min
with 1 mM [2-(trimethylammonium)ethyl]methanethiosulfo-
nate (MTSET) or 1 mM (2-sulfonatoethyl)methanethiosul-
fonate (MTSES). There was no effect of the MTS reagents
on succinate uptake activity in RSO vesicles expressing SdcS
(Figure 2). However, succinate transport activity in ISO
vesicles expressing SdcS was inhibited after pretreatment
with the MTS reagents; preincubation with MTSET de-
creased the rate of succinate uptake by ~85%, and prein-
cubation with MTSES decreased the rate of uptake by ~90%
(Figure 2). We also tested the membrane-permeant reagent
MTSEA, which inhibited ISO vesicles completely but
showed variable effects in RSO vesicles (results not shown).
In two experiments, there was no effect of | mM MTSEA
in RSO vesicles, and in two experiments, there was almost
100% inhibition. The membrane-permeant reagent, N-eth-
ylmaleimide, inhibited SdcS in RSO vesicles by 73% (results
not shown). RSO and ISO vesicles expressing the cysteine-
less mutant, C457S, were insensitive to MTS reagents (results
not shown), verifying that the single cysteine at position 457
in SdcS mediates the effects of these reagents. The results
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FIGURE 2: Effect of membrane-impermeant methanethiosulfonate
(MTS) reagents on succinate uptake by SdcS in right-side-out (RSO)
and inside-out (ISO) membrane vesicles. Vesicles were preincubated
for 10 min with 1 mM methanethiosulfonate reagent (MTSET or
MTSES) in buffer containing 5 mM Nat with or without MTS
reagents (controls). The transport activity of 30 uM ["*C]succinate
was measured in RSO and ISO vesicles with a 10 s incubation in
buffer containing 10 mM Na'. Uptake activities in vesicles
preincubated with MTS reagents are expressed as a percentage of
the uptake in control vesicles pretreated with Na™ buffer alone.
Bars represent the mean =+ the range (n = 2 vesicle preparations).

Uptake activity remaining (% control)

show that the single cysteine at position 457 in SdcS is
accessible to membrane-impermeant reagents only from the
inside of the cell but not from the outside. In a single
dose—response experiment, the Ky s for MTSET was 99 uM
(result not shown).

It should be noted that membrane vesicle preparations
often contain a mixture of orientations. For example, one
study showed that RSO vesicle preparations from E. coli
could contain between 5 and 25% ISO vesicles when
counting numbers of vesicles (/7). However, the ISO vesicles
are much smaller in size and make up only 2—3% of the
membrane surface area. Our time course experiment is
consistent with this observation because the equilibrium
vesicle volumes of ISO vesicles are smaller than those of
RSO vesicles (Figure 1) The same study found that ISO
membrane vesicles prepared using a French pressure cell
were approximately 60—80% pure (/7), although the sucrose
density gradient step in our study might increase the purity
of the ISO vesicles. One might expect to see some inhibition
of “RSO membranes” by MTS reagents due to inhibition of
contaminating ISO vesicles. It is possible that the smaller
size and relatively lower transport activity of ISO vesicles
could explain the lack of apparent inhibition.

Na* Activation of Succinate Transport in RSO and ISO
Membrane Vesicles. SdcS is a sodium-coupled transporter.
Therefore, the relationship between Na' concentration and
succinate transport activity was examined in membrane
vesicles expressing SdcS and C457S (Figure 3). Our previous
transport studies of SdcS showed strong cation-mediated
inhibition of succinate uptake at higher Na* concentrations
in whole cell assays (3) but not in proteoliposomes (/8). In
preliminary studies with membrane vesicles, we found that
succinate transport by SdcS expressed in RSO membrane
vesicles was inhibited by sodium concentrations greater than
20 mM; therefore, the assay was done at lower sodium
concentrations. The C457S mutant, in contrast, was not
inhibited by sodium concentrations up to 80 mM (not
shown). In the experiment shown in Figure 3A, activation
of succinate transport by sodium was sigmoidal with Hill
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FIGURE 3: Effect of Na® on succinate uptake by SdcS and C457S.
The transport of 30 uM ['*C]succinate was measured in (A) right-
side-out and (B) inside-out vesicles for 10 s in an assay buffer
containing 0—80 mM Na* (Na® was replaced by choline). The
vesicles were prepared from E. coli expressing SdcS or C457S.
Results are presented as means =+ the range of duplicate measure-
ments from a single vesicle preparation. The experiment was
repeated with similar results with three separate vesicle preparations.

coefficients of 2.48 (SdcS) and 1.97 (C457S). The Ky, values
for the experiment shown in Figure 3A were 4.5 mM (SdcS)
and 7.7 mM (C4578S). The average Ky, values in SdcS were
3.3 £ 0.6 mM (n = 3 experiments) and in C476S 8.2 &+ 0.4
mM (n = 5 experiments), significantly different from one
another at p < 0.05. In ISO vesicles, both SdcS and C457S
were much more sensitive to inhibition by sodium, with
decreased activity above 7 mM Na' and almost complete
inhibition of activity at 80 mM Na* (Figure 3B).

Kinetics of Succinate Transport. Succinate kinetic analysis
was performed for SdcS and C457S in RSO and ISO
membrane vesicles. The K, for succinate in SdcS was similar
in RSO and ISO vesicles, 26 and 36 uM, respectively (Table
1). This value was higher than the previous K, measurements
of 7 uM in whole cells and 12 M in proteoliposomes (3, 18).
The V.« for succinate transport by SdcS in RSO vesicles
was significantly higher than in ISO vesicles. The K, values
for succinate in C457S in RSO and ISO vesicles, 42 and 51
uM, respectively, were not significantly different from the
values measured for SdcS. Similar to SdcS, C457S had a
significantly higher succinate V,,,x in RSO compared with
ISO vesicles. However, it should be noted that the volume
differences between RSO and ISO vesicles could contribute
to the apparent differences in V.« values.

Mutagenesis of SdcS. Previous studies with the rabbit
NaDC1 have shown that cysteines substituted for residues Lys-
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Table 1: Succinate Kinetics of SdcS and Mutants®

protein orientation K (uM) Vinax (pmol mg™' min™!)  n
Parental

SdcS RSO 264+ 1.2 6742 + 1456 3
1SO 36.0+4.3 2050 =+ 303° 3

C457S RSO 423 +£8.0 5058 £+ 509 3
1SO 509 +7.5 1534 + 118° 3

Cysteine-Substituted Mutants

N108C RSO 46.6 £11.6 8115 £+ 1292 3
1SO 38.2+72 2759 + 1369° 3

D329C RSO 445+ 4.6 1069 + 175¢ 3
1SO 48.1+£2.5 1522 + 192 3

L436C RSO 149.2 £ 23.0¢ 3226 + 362¢ 4
1SO 36.1 £ 6.0° 2304 £+ 921 4

“ Succinate kinetics of SdcS and mutants in right-side-out (RSO) and
inside-out (ISO) inner membrane vesicles from E. coli. Ten second
uptakes were measured in transport buffer containing 10 mM Na*' and
increasing concentrations of ['“C]succinate. The data shown are means
+ the standard error of the mean; n refers to the number of different
vesicle preparations. ” Significantly different from the RSO group (p <
0.05). “ Significantly different from the C457S control group (p < 0.05).

84 373 493
rbNaDC1 LEYLKDTNV VMVSDGSAS ILASMAQAT
sdcsS SEYGNDIIF SSVADGTIA ILATLSVAV

108 329 436

FIGURE 4: Sequence alignment of SdcS with rabbit NaDC1. The
sequence alignment was obtained using ClustalW2 (EMBL-EBI)
with default parameters using the Gonnet matrix. Amino acids of
SdcS in bold letters indicate amino acids that were substituted with
cysteines. GenBank accession numbers of the protein sequences
are AAA99666 (rbNaDC1) and BAB58078 (SdcS).

84, Asp-373, and Met-493 are accessible to membrane-
impermeant methanethiosulfonate (MTS) reagents (6, 7, 19).
D373C is accessible to MTSET in both the presence and
absence of Na™, and MTSET labeling is prevented by substrate.
M493C and K84C require sodium for inhibition by MTS
reagents, and they also show substrate protection. K84 is not
sensitive to inhibition by MTSET, only by MTSES. These
results show that the accessibility of these residues to the outside
of the cell depends on the conformational state of the transporter.
SdcS is approximately 40% identical in sequence to rbNaDCl1,
and Asn-108, Asp-329, and Leu-436 of SdcS correspond with
Lys-84, Asp-373, and Met-493 of rbNaDCl, respectively
(Figure 4). Therefore, the single cysteine-substituted mutants
N108C, D329C, and L436C were constructed in the cysteine-
less SdcS mutant, C457S. The accessibility of these substituted
cysteines to MTS reagents from both sides of the membrane
was then tested using RSO and ISO vesicles.

Protein Expression and Transport Activity of Cysteine-
Substituted Mutants. The protein abundance of SdcS and
mutants in RSO and ISO membrane vesicles was determined
by Western blotting (Figures 5 and 6). The summary of
succinate transport activity and protein expression of single-
cysteine mutants is shown in Figure 6. In RSO vesicles, there
was similar protein expression for SdcS, C457S, and the
cysteine-substituted mutants. In SdcS, C4578S, and L436C,
the transport activity was similar to the relative amount of
protein expression. However, N108C and D329C in RSO
vesicles had much lower relative transport activity than
protein expression. In the ISO vesicles, the level of protein
expression of SdcS was about half that of the C457S mutant,
whereas the transport activity of SdcS was higher than in
C457S. The L436C mutant had lower activity compared with
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FIGURE 5: Western blots of membrane vesicles. Western blots were
made of right-side-out (RSO) (A) and inside-out (ISO) membrane
vesicles (B) expressing SdcS and cysteine-less C457S, N108C,
D329C, and L436C. Control cells were transformed with the pQE-
80L plasmid. Each lane contained 25 ug of protein. Proteins were
detected using the RGS-His antibody (Qiagen), a monoclonal

antibody against the N-terminal histidine tag. The mass of SdcS is
approximately 35 kDa, indicated to the left of each blot.
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FIGURE 6: Comparison of activity and expression of (A) right-side-
out and (B) inside-out membrane vesicles. The transport activity
and protein abundance of membrane vesicles expressing the
cysteine-substituted mutants are shown as a percentage of the C457S
parental transporter. The transport activity of 30 uM [**C]succinate
was measured for 10 s in assay buffer containing 10 mM Na®.
Protein expression was determined by quantitating the intensities
of SdcS vesicle protein bands from Western blots (such as in Figure
5) using Image 1D software. The bars represent means =+ the
standard error of the mean (n = 3 vesicle preparations).

protein expression, whereas the other mutants had similar
relative activity and expression.

Succinate Kinetics in Cysteine-Substituted Mutants. The
kinetics of succinate transport was measured in mutants
N108C, D329C, and L436C in RSO and ISO membrane
vesicles. As shown in Table 1, the K, for succinate of mutant
L436C in RSO vesicles was approximately 3.5-fold higher
than that of the parental C457S. However, the K,, for
succinate of the L436C mutant in ISO vesicles was similar
to that of C457S. The other mutants had similar succinate
affinity in RSO and ISO compared with C457S. The
maximum velocities (V) of L436C and D329C mutants

Uptake or Expression (% C457S)
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FiGUure 7: Effect of MTSET on succinate transport by cysteine-
substituted SdcS mutants. (A) Right-side-out and (B) inside-out
vesicles of cysteine-substituted mutants were preincubated for 10
min with 1 mM MTSET in buffers containing choline, Na™, or
Na® and 10 mM succinate. Control groups were preincubated in
the same buffers without MTSET. Following the preincubation,
the transport activity of 30 uM ['*C]succinate was measured for
10 s in a transport buffer containing 10 mM Na*. Uptake activities
in vesicles preincubated with MTSET are shown as a percentage
of the uptakes in control vesicles. Bars represent means =+ the
standard error of the mean (n = 3 separate experiments). Asterisks
indicate a significant difference compared with control (without
MTSET) (p < 0.05).
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in right-side-out vesicles were significantly lower than that
of C457S. The cysteine-substituted mutants in ISO vesicles
exhibited similar succinate K, and V., values as C457S.

MTSET Sensitivity of Cysteine-Substituted Mutants. To
determine whether the substituted cysteines are accessible
to MTSET in different conformational states of the trans-
porter, the vesicles were pretreated with MTSET in different
buffers: Na*, choline (or Na'-free), and 10 mM succinate
in Na® buffer. Previous experiments suggest that SdcS
follows an ordered binding mechanism in which Na* binds
first followed by substrate (3). Therefore, different confor-
mational states are likely to predominate in the presence and
absence of Na® and substrate. SdcS in ISO vesicles was
affected similarly by chemical labeling with MTSET in the
presence or absence of Na® and substrate (Figure 7),
indicating that the cysteine at position 457 is exposed to the
cytoplasm in all conformational states. There was no effect
of MTSET on SdcS in RSO vesicles or on the cysteine-less
mutant, C457S, and L436C in RSO and ISO vesicles (Figure
7). Mutant N108C was accessible to MTSET in both RSO
and ISO vesicles, and the inhibition by MTSET was greatest
in the presence of sodium. There was substrate protection
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in both RSO and ISO vesicles containing N108C. Mutant
D329C was only accessible to MTSET from the outside of
the cell, in the RSO but not the ISO vesicles. MTSET
labeling of D329C in RSO required sodium; there was no
inhibition in choline buffer, and there was no substrate
protection.

DISCUSSION

The kinetics and functional properties of the Na'/dicar-
boxylate symporter SdcS from S. aureus were investigated
by heterologous expression in E. coli followed by the
preparation of right-side out (RSO) and inside out (ISO)
membrane vesicles. The vesicles enabled us to examine the
forward and reverse transport reactions as well as the ac-
cessibility of introduced cysteines from both sides of the
membrane. Because SdcS is related in sequence to the
mammalian Na'/dicarboxylate cotransporters, studies of
SdcS should provide information about the transport mech-
anism of other members of the SLC13 family. A major
finding of this study was the identification of amino acid
Asn-108 that is accessible from both the cytoplasmic and
periplasmic sides of the membrane, indicating that it is found
in the translocation pore of the protein.

Succinate transport by SdcS in both RSO and ISO vesicles
exhibited an overshoot in concentration above equilibrium,
verifying that it is an active transport process. The substrate
affinity from the cytoplasmic and extracellular side appeared
to be very similar with K, values for succinate between 26
and 36 uM. However, the Vp,x of the forward reaction
measured in RSO vesicles was higher than in ISO vesicles.
It should be noted, though, that ISO vesicles tend to be much
smaller than RSO vesicles (/7), which could contribute to a
lower Vpa. Similar to SdcS, the rabbit Na'/succinate
cotransporter from renal brush-border membranes (most
likely NaDC1) exhibits similar K, values for influx and
efflux but has a V,,, for succinate influx 3 times higher than
that for efflux (20). The succinate kinetic properties of the
cysteine-less mutant, C457S, were very similar to those of
wild-type SdcS.

The C457S mutant exhibited some differences from SdcS
in sodium kinetics. Succinate transport by SdcS in RSO
vesicles had a mean Ky, value of 3.3 mM and was inhibited
by sodium concentrations above ~15 mM. In previous whole
cell assays, the Ky, for sodium activation in SdcS was ~1.5
mM, and there was complete inhibition at high sodium
concentrations (3). The cysteine-less mutant in RSO vesicles
was relatively unaffected by high concentrations of sodium,
with a higher mean Ky, of 8.2 mM, suggesting that Cys-
457 may mediate the inhibition by sodium in particular
conformational states of the transporter. In contrast, both the
wild-type SdcS and C457S in ISO vesicles were inhibited
by sodium concentrations above 7 mM. The transport
inhibition at high sodium concentrations has also been
reported for another bacterial transporter, Tytl, assayed in
whole cells (27). Interestingly, partially purified SdcS assayed
in proteoliposomes no longer exhibits inhibition by high
concentrations of sodium, which suggests that a protein in
the E. coli membranes mediates the effect. One possible
candidate could be the E. coli Nat/H' exchanger, NhaA,
which would transport Na™ into the vesicle in exchange for
protons. The activity of NhaA could result in succinate
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FIGURE 8: (A) Simplified kinetic model of SdcS. The transporter is
shown as C with the substrate binding sites facing out of the cell
(states 1—3) or facing inside the cell (states 4—6). There is ordered
binding of two sodium ions followed by one divalent anion substrate
(3). The fully loaded carrier undergoes a conformational change
that exposes the substrate and cation binding sites to the inside of
the cell. This is followed by release of substrate and sodium, in an
as yet unknown order. The empty carrier then reorients the substrate
and cation binding sites to face the outside. (B) Secondary structure
model of SdcS containing 11 transmembrane helices (numbered)
with an intracellular amino terminus and extracellular carboxy
terminus. The locations of the single cysteine at position 457 and
the three cysteine-substituted mutants, N108C, D329C, and L436C,
are shown as filled black squares.

transport inhibition by collapsing the Na™ gradient, trans-
inhibition with an increased intracellular Na™ concentration,
or inhibition due to a change in intravesicular pH. SdcS has
a pH optimum of approximately 7—7.4, and alkalinization
would result in decreased activity (3). It is possible that the
effects are more pronounced in ISO because of their smaller
size.

The transport mechanism of SdcS involves ordered binding
of two sodium ions followed by binding of substrate (3). A
simplified kinetic model with six states is shown in Figure
8A. The results of this study show that residue Asn-108 from
SdcS is accessible from the extracellular as well as the
cytoplasmic side of the cell. Asn-108 of SdcS corresponds
to Lys-84 of tbNaDC1, which has different accessibility to
the outside of the cell during the transport cycle, and it is
likely located within the substrate binding pocket (7, 22).
The N108C mutant of SdcS was sensitive to inhibition by
MTSET in the conformation adopted in the presence of Na*.
In RSO vesicles in Na*t buffer, SdcS should be predomi-
nantly in state 2, an outward-facing conformation with Na*
ions bound to the transporter (Figure 8A). This state has the
highest affinity for substrate. In ISO vesicles in the presence
of sodium, the transporter should be predominantly state 5,
the Na*-bound conformation facing the cytoplasmic side of
the membrane (Figure 8A). Note that the cytoplasmic side
of the membrane faces out in inverted vesicles.

The N108C mutant also exhibited substrate protection of
MTSET labeling, which was due to steric hindrance rather
than a conformational change in the protein. Because the
mutation of Asn-108 did not change the kinetic properties
of the transporter, it is likely that this residue is located near
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the substrate binding site but is not part of it. Figure 8B
shows the secondary structure model of SdcS, based on the
rbNaDC1 model, with Asn-108 located approximately mid-
way through TM3. Asn-108 could be exposed alternately to
the inside and outside of the cell by tilting or twisting of
TM3. Similar results were seen previously for the UhpT
transporter in which cysteine mutants located in the central
portion of transmembrane helix 7 are accessible to both the
outside and inside of the cell (23, 24). These residues also
exhibited substrate protection (24). The endogenous cysteine
at position 176 in TM5 of the glycerol 3-phosphate trans-
porter, GlpT, is also located in the transport pathway (25).
Cys-176 is accessible to pPCMBS from both the outside and
inside of the cell, and the accessibility is blocked by the
presence of substrate. However, an alternate explanation for
our results is that Asn-108 of SdcS resides in a re-entrant
loop that changes accessibility during the transport cycle.
The Na*-citrate symporter CitS contains two endogenous
cysteines, accessible from both sides of the membrane, that
are found in a re-entrant loop lining part of the substrate
permeability pathway (26).

Mutant D329C of SdcS was accessible to MTSET in the
presence but not absence of Nat and only in RSO vesicles,
indicating that its accessibility also changes in the different
conformational states of the transporter. The accessibility of
D329C would be greatest in states 2 and 3 (Figure 8). This
aspartic acid residue is conserved among all members of the
SLC13 family. The secondary structure model places this
residue at the extracellular surface of TM7, explaining its
accessibility from the outside (Figure 10). The L436C mutant
of SdcS was not affected by MTSET, which could mean
that Leu-436 is buried in the helix and not accessible to the
outside or that chemical labeling by MTSET does not have
any functional effect. This residue appears to determine
substrate affinity in the forward direction (from outside to
inside) because L436C in RSO membrane vesicles showed
a 3.5-fold higher K, compared with that for ISO vesicles.
The other members of the SLC13 family contain either
leucine or methionine in this position. By comparison, the
M493C mutant (at the equivalent position) of rbNaDCl1 is
very sensitive to inhibition by MTSET (6).

The results of this study, particularly with the N108C
mutant, are consistent with the alternating access model of
transport in which the transporter protein contains a single
substrate binding site that is alternately accessible from both
sides of the membrane. The lactose permease (LacY) and
glycerol-3-phosphate transporter (GlpT), both secondary
active transporters from the major facilitator superfamily,
follow an alternating access mechanism for transport of
substrates (23, 27—29). The structure of the lactose permease
shows a large water-filled cavity containing the amino acid
side chains involved in binding protons and substrate (27).
Experiments involving cross-linking of residues in LacY
show that transport activity involves opening and closing of
the hydrophilic cavity (30). The structure of GlpT has a
funnel-shaped vestibule leading to the substrate binding site
(31). Similar to LacY, the GIpT structure suggests a rocker-
switch-type movement of two halves of the protein during
the transport cycle, involving salt bridge formation and
breakage.

This work represents the characterization of SdcS in RSO
and ISO membrane vesicles. The kinetic properties of
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succinate transport in SdcS appear asymmetrical, which may
indicate differences in transport velocity (Vi) rather than
substrate affinity. The N108C mutant of SdcS was found to
be accessible to membrane-impermeant methanethiosulfonate
reagents from both sides of the membrane, indicating that
this residue may be located within the translocation pathway
of the transporter, possibly close to the substrate binding site.
The sensitivity of mutant D329C to MTSET inhibition was
greatest in RSO vesicles in the presence of sodium, whereas
residue Leu-436 may be a determinant of substrate affinity
in the forward direction, measured in RSO vesicles. In
conclusion, this study establishes SdcS as a model system
for the eukaryotic NaDCI1 transporters and identifies key
residues, particularly Asn-108, that may be important during
the transport cycle from both sides of the membrane.
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