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Congenital chloride-losing diarrhea (CLD) is a genetic disor-
der causing watery stool and dehydration. Mutations in
SLC26A3 (solute carrier 26 family member 3), which functions
as a coupled Cl�/HCO3

� exchanger, cause CLD. SLC26A3 is a
membrane protein predicted to contain 12 transmembrane-
spanning�-helices and a C-terminal STAS (sulfate transporters
and anti-sigma-factor) domain homologous to the bacterial
anti-sigma-factor antagonists. The STAS domain is required for
SLC26A3 Cl�/HCO3

� exchange function and for the activation
of cystic fibrosis transmembrane conductance regulator by
SLC26A3. Here we investigate the molecular mechanism(s) by
which four CLD-causing mutations (�Y526/7, I544N, I675/
6ins, and G702Tins) in the STAS domain lead to disease. In a
heterologous mammalian expression system biochemical,
immunohistochemical, and ion transport experiments sug-
gest that the four CLDmutations cause SLC26A3 transporter
misfolding and/ormistrafficking. Expression studies with the
isolated STAS domain suggest that the I675/6ins and
G702Tins mutations disrupt the STAS domain directly,
whereas limited proteolysis experiments suggest that the
�Y526/7 and I544N mutations affect a later step in the fold-
ing and/or trafficking pathway. The data suggest that these
CLD-causing mutations cause disease by at least two distinct
molecular mechanisms, both ultimately leading to loss of
functional protein at the plasma membrane.

The SLC26A (solute carrier family 26) is a recently described
protein family containing 10 human genes (1–3). These genes
encode membrane proteins that are predicted to contain
between 10 and 14 transmembrane-spanning �-helices and a
C-terminal domain (4–13). The family members have varied
tissue distributions, some being expressed in most organs and

others with more restricted tissue expression patterns (1, 4, 6,
12, 14–23). The SLC26Aproteins function as anion exchangers
or Cl� channels in the luminal membrane of epithelial cells,
transport solutes, including oxalate, SO4

�, I�, Cl�, HCO3
�,

NO3
�, SCN�, OH�, and thus are important in a number of

physiological processes (9, 19, 20, 23–28).
SLC26A3 was first identified as a gene that was down-regu-

lated in human colon adenocarcinomas and subsequently
named DRA (29). Thus far, SLC26A3 has not been conclusively
demonstrated to be a tumor suppressor gene (30, 31), but it has
been unequivocally demonstrated to be a Cl�/HCO3

�

exchanger with a 2:1 transport stoichiometry (27, 30–33). The
transport function of SLC26A3 is thought to play an important
role in Cl� absorption and HCO3

� secretion in the colon and
perhaps the pancreas (4, 9, 30–33).
The highly conserved C-terminal domain of the SLC26A

proteins has been demonstrated to be important for proper ion
transport activity (29, 32–36). This C-terminal domain is
homologous to the SpoIIAA family of anti-sigma-factor antag-
onists (37), which controls bacterial sporulation through a pro-
tein-protein interactionwith the anti-sigma-factor (38–40), an
interaction that is regulated by phosphorylation (41–44).
Because the SLC26A proteins were originally predicted to be
sulfate transporters, their C-terminally conserved domain was
named STAS for sulfate transporters and anti-sigma-factor
antagonists (37). Similar to the anti-sigma-factor antagonists,
phosphorylation regulates the interaction between the
SLC26A3 STAS domain and the R-domain of CFTR2 (33). The
STAS and R-domain interaction coordinately activates Cl�
channel activity of CFTR and Cl�/HCO3

� exchange activity of
SLC26A3 (33) as required for epithelial function.
Mutations in four of the SLC26A transporters have been

linked with human diseases (45–51). Mutations in SLC26A2
(also known as DTDST) have been linked to various chondro-
dysplasias that cause skeletal defects, including clubbed feet,
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cleft palate, and short limbed dwarfism (47, 48, 51). Mutations
in the SLC26A4 gene (also known as Pendrin or PDS) have been
linked to Pendred syndrome, which is the most common form
of syndromic deafness (45, 46, 50), whereas mutations in the
SLC26A5 gene (also known as Prestin) have been linked to non-
syndromic deafness (49). Mutations found in the SLC26A3
gene have been linked to congenital chloride-losing diarrhea
(CLD) (4), a disease in which patients suffer from watery diar-
rhea containing elevated Cl� concentrations that can prove
fatal if left untreated (52). Clinical management of the disease
includes increased dietary uptake of water, KCl, and NaCl (52,
53). A recent report also suggests butyrate is effective in con-
trolling the diarrhea (54).
Currently, over 30 mutations in SLC26A3 have been linked

to CLD (8, 14, 52). Four of these mutations are missense, dele-
tion, or insertion mutations that reside in the STAS domain of
SLC26A3 (�Y526/7, I544N, I675/6ins and G702T � GFE-
VKIQNF insertion (G702Tins)). The I544N and I675/6ins
mutations have been demonstrated to cause a loss of measura-
ble transport activity of the human and mouse SLC26A3 pro-
tein, respectively (32–34); however, the mechanism by which
thesemutations undermine function is unknown.The effects of
the �Y526/7 and G702Tins mutations on SLC26A3 protein
function and folding are also unknown. To elucidate themolec-
ularmechanism(s) by which these CLD-causingmutations give
rise to disease, we functionally, biochemically, and cell biologi-
cally characterized the wild type and mutant transporters. In
addition, we monitored the effect of the CLD-causing muta-
tions on the isolated STAS domain. These data suggest distinct
mechanisms by which the CLD-causing mutations lead to
disease.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Mammalian expression constructs
for full-length human SLC26A3 protein (gi:4557534) were con-
structed using standard molecular biology techniques and
cloned into the BglII and NotI restriction sites of the pCMV-
Myc vector (Clontech) resulting in a protein construct with a
N-terminal Myc tag. Site-directed mutagenesis was performed
using PfuTurbo DNA polymerase (Stratagene) to generate the
in-frame deletion �Y526/7, I544N, I675/6ins, and G702Tins
mutant constructs. Constructs for mammalian cell expression
of human SLC26A3 STAS domain constructs were generated
with domain boundaries encompassing residues 509–741 and
were cloned into the BglII and NotI sites of the pCMV-Myc
vector, whereas nine different human STAS domain constructs
for bacterial expression were cloned into the BamHI site of the
Smt3-pET28 vector using the combination of three N-terminal
domain boundaries (amino acids 503, 510, and 525) and three
C-terminal domain boundaries (720, 741, and 764) (55). All of
these constructs were N-terminal fusions with the His6-Smt3
protein and were verified by DNA sequencing.
Cl�/HCO3

� Exchange Activity—HeLa cells grown on glass
coverslips were transfected with the appropriate SLC26A3
plasmid along with a green fluorescent protein expression plas-
mid. 3 �l of FuGENE 6 (Roche Applied Science) was used per
transfection, and the cells were used for Cl�/HCO3

� exchange
measurements 48 h post-transfection. Green fluorescent pro-

tein-positive cells were selected on a fluorescence microscope
(Nikon) and incubated with 10 �M 2�,7�-bis-(2-carboxyethyl)-
5-(and-6)-carboxyfluorescein, acetoxymethyl ester (BCECF-
AM) (Molecular Probes), and 0.2% Pluronic F-127 (Molecular
Probes) for 10min inHEPES buffer (10mMHEPES, pH 7.4, 140
mM sodium chloride, 5 mM potassium chloride, 1 mM magne-
sium chloride, 1mM calcium chloride, 10mM glucose, osmolar-
ity 310 mosM). Cells were perfused with HEPES buffer until a
steady base linewas achieved, and then cells were perfusedwith
HCO3

� buffer for 3min (2.5mMHEPES, pH7.4, 120mM sodium
chloride, 5 mM potassium chloride, 1 mM magnesium chloride,
1 mM calcium chloride, 10 mM glucose, 260 mosM, then 25 mM
of sodium bicarbonate was added). Subsequently the cells were
perfusedwith Cl�-free buffer for 3min (2.5mMHEPES, pH 7.4,
120 mM sodium gluconate, 5 mM potassium gluconate, 1 mM
magnesium sulfate, 1 mM cyclamic acid, 10 mM glucose, 260
mosM, then 25mM sodiumbicarbonate was added), followed by
a 3-min perfusion with HCO3

� buffer. Finally, the cells were
perfused with HEPES buffer for 3 min. 5% carbon dioxide gas
was bubbled through buffers containing bicarbonate through-
out the experiment. The change in the fluorescence excitation
ratio of BCECF-AMwasmonitored at 490 nm/440 nmwith the
emission at 510 nm. pHi was calibrated using three standard
buffers containing 10 mM HEPES, 140 mM potassium chloride,
1 mM magnesium chloride, 1 mM calcium chloride, 10 mM glu-
cose, and 5 �M nigericin at pH 6.65, 7.4, and 8.15.
Immunofluorescence—HeLa and COS-7 cells were grown on

glass coverslips (Fisher) in 35-mm dishes using Dulbecco’s
modified Eagle’s medium (Invitrogen) containing 10% calf
serum (Gemini) and supplemented with penicillin and strepto-
mycin at 37 or 30 °C in a humidified incubator with 5% carbon
dioxide. HeLa cells were transfected with 1 �g of wild type or
mutant SLC26A3 pDNA using FuGENE 6 following the manu-
facturer’s protocol. 48 h post-transfection cells were washed
twice with PBS and fixed in 3.7% formaldehyde for 20 min and
subsequently washed twice for 5min in PBS. Cells were perme-
abilized with 0.1% Triton X-100 in PBS for 10 min at room
temperature followed by two washes with PBS. The permeabi-
lized cells were incubated for 20 min in blocking solution (1.3%
fish skin gelatin and 1% bovine serum albumin in PBS) followed
by a 1-h incubation with a 1:100 dilution of rabbit anti-Grp78
(Bip) (StressGen), 1:500 anti-c-Myc (Santa Cruz Biotechnol-
ogy), and a 1:500 phalloidin conjugated to tetramethylrhoda-
mine isothiocyanate (TRITC) (Sigma) in blocking solution. The
cells were subsequently washed twice with PBS for 5 min and
then incubated with a 1:100 dilution of the anti-rabbit antibody
conjugated to cyanine-5.18 (cy5) (Jackson ImmunoResearch)
and a 1:500 dilution of anti-mouse antibody conjugated to flu-
orescein isothiocyanate (Jackson ImmunoResearch) in block-
ing solution. Cells were washed and mounted using gel mount
(Biomedia). Staining cells with the STAS domain antibody
required a change of secondary antibody species, but the same
protocol was used as described above. A 1:500 dilution of the
STAS domain antibody was used along with a 1:100 dilution of
mouse anti-Grp78 (BiP) (StressGen). The secondary antibodies
were a 1:500 dilution of anti-rabbit antibody conjugated to (flu-
orescein isothiocyanate) (Jackson ImmunoResearch) and a
1:100 dilution of the anti-mouse antibody conjugated to (cy5)
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(Jackson ImmunoResearch). All stained cells were visualized
and images collected using a Zeiss confocal microscope and
Zeiss LSM 510 software version 2.8.
Glycosylation Assay—COS-7 cells were grown in Dulbecco’s

modified Eagle’s medium (Invitrogen) containing 10% calf
serum (Gemini) supplemented with penicillin and streptomy-
cin at 37 or 30 °C in a humidified incubator with 5% CO2.
35-mmdishes of COS-7 cells were transfected with 1�g of wild
type or mutant SLC26A3 pDNA using FuGENE 6 (Roche
Applied Science) following the manufacturer’s guidelines. 48 h
post-transfection, the cells were washed twice with 0.5 ml of
TBS and then lysed in 0.5ml of RIPAbuffer (20mMTris, pH8.0,
140 mM sodium chloride, 0.1% SDS, 0.5% deoxycholic acid, 1%
polyoxyethylene(2) isooctylphenyl ether, and protease inhibi-
tors (Roche Applied Science)) on ice for 30 min. The lysates
were centrifuged at 12,000 � g for 5 min, and then 100 �l of
lysate was incubated at 37 °C for 1 h with 500 units of EndoH
(New England Biolabs), 500 units of PNGaseF (New England
Biolabs), or no enzyme. The proteins were separated by SDS-
PAGE and transferred to PVDF membrane for Western blot
analysis.
STAS Solubility Assay—To aid in the soluble expression and

purification of the human SLC26A3 STAS domain, the yeast
small ubiquitin-related modifier homolog Smt3 was fused with
the STAS domain N terminus (55). The wild type or mutant
His6-Smt3-SLC26A3 STAS domain plasmids were trans-
formed into Escherichia coli BL21 Codon Plus RIL cells (Strat-
agene) and grown at 37 °C in LB (Qbiogene) containing 50
�g/liter kanamycin and 34 �g/liter chloramphenicol to anA600
of 1.0. The cells were induced with 750 �M isopropyl �-D-1-
thiogalactopyranoside (Research Products International) and
shifted to 15 °C for overnight expression. The following day
A600 measurements were taken and used to ensure that the
same number of cells were pelleted at 4 °C at 3000 � g. The cell
pellets were then resuspended in 20 ml of lysing buffer (20 mM
Tris, pH 7.9, 200 mM sodium chloride, 1 mM 2-mercaptoetha-
nol) and lysed via sonication with a Branford 450 sonicator on
power level 4, duty cycle 60%, three times for 30 s. The resulting
lysates were cleared via a 40,000 � g centrifugation step at 4 °C
for 30 min. Equal volumes of cell lysates were separated by
SDS-PAGE and stained with Coomassie Blue or transferred for
Western blot analysis.
HEK 293 cells were transiently transfected with wild type

and mutant pCMV-Myc SLC26A3 STAS domains and incu-
bated at 37 °C for 48 h and subsequently scraped off the plate
in 0.5 ml of lysing buffer. The cells were lysed by sonication
and centrifuged at 60,000 � g for 30 min at 4 °C. Equivalent
amounts of protein were loaded on the gel as determined by
a Bradford assay.
Western Blotting—SDS-polyacrylamide gels for Western

blots were transferred to PVDF membrane (Millipore) using
the wet transfermethod in Tris/glycine transfer buffer contain-
ing 10% methanol. Membranes were blocked using 5% milk
(Bio-Rad) in TBS containing 0.05% Tween 20 (Sigma), and pri-
mary and secondary antibody incubations were performed in
blocking buffer. Primary antibody dilutions were as follows: a
1:1000 dilution of the anti-His6 (Novagen), a 1:3000 dilution of
the anti-c-Myc (Santa Cruz Biotechnology), and a 1:5000 dilu-

tion of the anti-STAS antibody. Secondary antibody dilutions
were as follows: 1:10,000 of the anti-mouse horseradish perox-
idase (Jackson ImmunoResearch) and 1:10,000 of the anti-rab-
bit horseradish peroxidase (Jackson ImmunoResearch). ECL
Plus (Amersham Biosciences) or SuperSignal West Dura
Extended Duration (Pierce) detection reagent was used follow-
ing the manufacturer’s guidelines and visualized using the
STORM 840 (Amersham Biosciences) or Hyblot CL autora-
diography film (Denville Scientific).
STAS Expression and Purification—Five liters of E. coli BL21

Codon Plus RIL cells (Stratagene) containing the wild type or
mutant Smt3-STAS domain plasmids were grown at 37 °C in
LB containing 50 �g/liter kanamycin and 34 �g/liter chloram-
phenicol to an A600 of 0.8. The cells were induced with 750 �M
isopropyl �-D-1-thiogalactopyranoside (Research Products
International) and shifted to 15 °C for overnight expression.
The following day the cells were pelleted at 3000� g and resus-
pended in 70 ml of lysing buffer. The cells were lysed via soni-
cation and the resulting lysates cleared by centrifugation at
40,000� g. Standard nickel chromatographywas performed on
the resulting supernatants using a 10-ml bed volume of resin
(Novagen). The equilibration/binding buffer (buffer A) con-
tained 20 mM Tris, pH 7.9, 200 mM sodium chloride, 1 mM
2-mercaptoethanol, and the columnwas washed using buffer A
containing 40 mM imidazole, and the protein was eluted from
the column using buffer A containing 400 mM imidazole. Frac-
tions containing the Smt3-STAS fusion protein were pooled
together and digested overnight with a 1:1000 dilution of the
Ulp1 protease at 4 °C (55).
Ammonium sulfate (750 mM) was added to the cleaved pro-

tein solution, then run through a 0.22-�m filter (Nalgene), and
then subjected to butyl hydrophobic interaction chromatogra-
phy (AmershamBiosciences). The equilibration/binding buffer
contained 20 mM sodium phosphate, pH 5.9, 750 mM ammo-
nium sulfate, 1 mM DTT, and the elution buffer contained 20
mM sodium phosphate, pH 6.2, 1 mM DTT. Fractions contain-
ing the STAS protein were pooled together, and 350 mM
sodium chloride was added to the solution. The protein was
concentrated to 2 ml using an Amicon Ultra-concentrator
(5,000 molecular weight cutoff) at 4 °C in a swinging bucket
rotor, run through a 0.22-�m filter (Nalgene), and run over a
HiPrep 16/60 Sephacryl S-200 column (Amersham Bio-
sciences) in 20 mM sodium phosphate, pH 6.2, 350 mM
sodium chloride, 1 mM DTT. Monodisperse STAS domain-
containing fractions were pooled and concentrated as
needed. The molecular weight of the STAS domain was esti-
mated by the elution profile of protein standards and is con-
sistent with a monomer.
Circular Dichroism—Circular dichroism spectra were meas-

ured using an AVIV 62DS spectrophotometer with a 0.1-cm
quartz cuvette. The STAS CD spectra and thermal denatur-
ation curves were collected at 10 �M in 20 mM sodium phos-
phate, pH 6.2, 350 mM sodium chloride, 1 mM DTT.
NMR Spectroscopy—Uniformly and isotopically enriched

15N wild type and �Y526/7 SLC26A3 STAS domain were
expressed inM9minimalmediawith [15N]ammoniumchloride
as the nitrogen source, supplemented with 5% uniformly 15N-
labeled BioExpress cell growthmedia (Cambridge Isotope Lab-
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oratories). The proteins were purified as described above with
the only change being that the protein was eluted off of the gel
filtration column in 50 mM potassium phosphate, pH 6.8, 400
mM potassium chloride, 100 mM arginine, 2% glucose, 2 mM
DTT. TROSY-HSQC spectra (56) of 90 �M purified wild type
and �Y526/7 STAS domains were collected using a 600-MHz
Varian Inova spectrometer with a pulsed-field gradient, triple
resonance cold probe at 30 °C for 12 h each. Spectra were pro-
cessed with NMRPipe (57) and displayed with NMRView (58).
STAS Domain Antibody Production—Recombinantly

expressed and purified SLC26A3 STAS domain protein
(described above) was used as the antigen for rabbit polyclonal
antibody production. Briefly, 5 mg of purified protein was

shipped to Proteintech Group Inc.
for injection of two rabbits follow-
ing their standard 102-day protocol.
Two production bleeds and a final
bleed from each animal were tested
for their reactivity to the STAS
domain protein, and all six antiserum
samples were found to detect the
STAS domain protein in a similar
fashion. The STAS domain antibody
has been shown to cross-react
with mouse SLC26A3, SLC26A6,
SLC26A7, and SLC26A9 proteins as
well as with human SLC26A6 and
SLC26A11 proteins. The ability of
the antisera to recognize other
SLC26A transporters has not been
evaluated.
TrypticDigests—Transiently trans-

fected HEK 293 cells were allowed to
express the wild type and mutant
SLC26A3 proteins for 48 h at which
time they were washed twice with
TBS and scraped off the plate in 500
�l of 10mMHEPES, pH 7.4, 200mM
sucrose. The cells were sonicated
twice for 20 s on the lowest power set-
ting and placed on ice. The resulting
lysates were incubated in the pres-
ence of increasing concentrations of
trypsin (0.3, 1, 3, 10, 30, 100, and 300
�g/ml) at room temperature for 12
min. The digestions were stopped
with SDS sample buffer, and the
digested protein was separated by
SDS-PAGE and then transferred to
PVDF membrane. The Western blot
was performed as described above
using the anti-STAS antibody, and
densitometry was performed on rep-
resentative Western blots using the
ImageJ program.

RESULTS

A number of structural models
have been suggested for the SLC26A transporters, which differ
in the number of transmembrane segments, their topology, the
location of theNandC termini, and the boundaries of the STAS
domain. Although the vast majority of SLC26A topology pre-
dictions suggest these proteins contain an even number of
transmembrane spans with their N andC termini located in the
cytosol (1, 4, 5, 7–13, 18, 59–61), some topology models have
suggested an odd number of transmembrane spans (22, 62), or
that the N and C termini are extracellularly located (63). To
identify themost appropriate topologymodel for SLC26A3, the
location of the N termini and the conserved C-terminal STAS
domain were determined (Fig. 1A). Immunofluorescence
experiments were performed with HeLa cells transfected with
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FIGURE 1. SLC26A3 structural model. A, schematic model of a predicted SLC26A3 structure, which includes 12
transmembrane-spanning �-helices and a C-terminally conserved STAS domain. The experimentally deter-
mined STAS domain boundaries are shown along with the predicted location of the glycosylation site in the
second extracellular loop between transmembrane helices 3 and 4. SLC26A3 has been demonstrated to be an
anion exchanger with a 2Cl�/1HCO3

� stoichiometry, and the chemical equation showing how HCO3
� can affect

cellular pH is shown. B, HeLa cells transfected with empty vector, wild type STAS domain, or wild type SLC26A3
are shown in the presence or absence of Triton X-100 permeabilization. The cells were stained with phalloidin
(red), anti-BIP antibody (blue), and anti-c-Myc antibody (green). C, HeLa cells transfected with empty vector, wild
type STAS domain, or wild type SLC26A3 are shown in the presence or absence of Triton X-100 permeabiliza-
tion. The cells were stained with phalloidin (red), anti-BIP antibody (blue), and STAS domain antibody (green).
Scale bar is 50 �M.
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empty vector, the SLC26A3 STAS domain, or the complete
SLC26A3 transporter. Cells were then permeabilized by incu-
bation with Triton X-100 or left untreated to determine the
topology. N-terminal Myc tag or C-terminal STAS domain
staining was only observed in permeabilized cells (Fig. 1, B and
C), indicating that both termini are cytosolic. However, these
experiments cannot rule out the possibility that the detergent
treatment exposed extracellular epitopes that are inaccessible
to the antibodies in the absence of detergent.
To further characterize the SLC26A3 protein, we decided to

identify the domain boundaries of the STAS domain. As an
initial step in determining the domain boundaries, a STAS
domain multiple sequence alignment was generated (Fig. 2).
From the alignment it is immediately apparent that the SLC26A
STAS domains contain a large insertion of sequence compared
with their structural homologs, the SpoIIAA proteins. The
sequence in the SLC26A STAS domains not found in the
SpoIIAA proteins is designated as the intervening sequence
(IVS). The first 20 amino acids of the IVS show limited conser-
vation among the SLC26A STAS domains, and a secondary
structure prediction of these residues suggests that a portion of
this sequence is �-helical in nature. The remaining residues in
the IVS show no sequence conservation in the various SLC26A

transporters, and secondary structure predictions of this region
suggest they are largely unstructured.
The poor sequence conservation between the SLC26A pro-

teins and the SpoIIAA proteins makes it difficult to predict the
N- and C-terminal boundaries of the SLC26A3 STAS domain.
To identify the N- and C-terminal boundaries of the STAS
domain, a matrix of three N-terminal boundaries (amino acids
503, 510, and 525) and three C-terminal boundaries (amino
acids 720, 741, and 764) was used to produce nine possible
SLC26A3 STAS constructs. All were expressed in E. coli, and the
three constructs ending in amino acid 720were insoluble after cell
lysis and a 40,000 � g centrifugation step (data not shown). The
remaining six constructs had greater than 50% of the total
expressedprotein in the supernatant fraction.These sixwere eval-
uated for secondary structure, thermal stability, and their ability to
bind to the R-domain of CFTR (supplemental Fig. 1). Based on
these data (see below), the STAS domain construct with domain
boundaries of 510–741 was selected for further study.
With the topology of SLC26A3 elucidated and the STAS

domain boundaries identified, we set out to understand how
mutations in the cytosolic STAS domain of SLC26A3 lead to
disease. We began by measuring chloride-bicarbonate
exchange (Cl�/HCO3

�) activity of the wild type and mutant

FIGURE 2. SLC26A3 STAS alignment. The C-terminal STAS domains of 10 SLC26A transporters from Homo sapiens were aligned with 12 Sultr family of sulfate
transporters from A. thaliana, four SpoIIAA proteins from Bacillus sphaericus, Bacillus subtilis, Geobacillus stearothermophilus, and Thermotoga maritima and two
predicted sulfate transporters from Desulfovibrio vulgaris Hildenborough and Aquifex aeolicus VF5. The alignment was generated using T-coffee and then
shaded using the Boxshade program. The block arrows and tubes below the alignment represent the �-helices and �-strands found in the three-dimensional
structures of the SpoIIAA proteins (44). The line above the alignment denotes the IVS, which is defined as the large sequence insertion in the STAS domains not
present in the SpoIIAA homologs. The small filled arrows above the alignment indicate the various N- and C-terminal boundaries used to screen for the optimal
STAS domain boundaries. The asterisk indicates the position of known CLD-causing mutations found in the SLC26A3 STAS domain and the � symbol denotes
the location of the conserved Ser residue in the SpoIIAA proteins, which is phosphorylated (70). Residues shaded in red represent the carbonic anhydrase
II-binding site as described by Alvarez et al. (67), whereas residues shaded in yellow indicate the residues which form the binding interface with SpoIIAB (71).
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transporters in HeLa cells using the pH-sensitive fluorescent
dye BCECF-AM as described previously (64). Briefly, BCECF
fluorescence is monitored upon the addition or removal of
extracellularCl� in the presence ofHCO3

�. As extracellularCl�
is removed, intracellular Cl� exits the cell.WhenCl� ions leave
the cell through the Cl�/HCO3

� exchanger SLC26A3, HCO3
�

ions are transported into the cell. HCO3
� can react with an

intracellular proton to form H2CO3, which can then be con-
verted to H2O and CO2 by carbonic anhydrase effectively
increasing the intracellular pH (Fig. 1A). Using this assay Cl�/
HCO3

� exchange activity was observed for the wild type and

�Y526/7 SLC26A3 proteins (Fig.
3A), with the exchange rate of the
�Y526/7 mutant reduced by 46%
relative to wild type (Fig. 3B). No
significant Cl�/HCO3

� exchange
activity was observed for the I544N,
I675/6ins and G702Tins mutant
transporters (Fig. 3, A and B).
Two simple models can account

for the reduced function of the
mutant transporters as follows: 1)
effects on the mechanochemistry of
the transporter or 2) effects on pro-
tein folding and or trafficking. To
distinguish between these two pos-
sibilities, biochemical experiments
were performed on transiently
transfected COS-7 cells to monitor
the glycosylation state of the protein
as a marker of movement through
the secretory system. Transfected
COS-7 cells expressing thewild type
or mutant transporters for 48 h at
37 °C were lysed in RIPA buffer and
incubated with either EndoH or
PNGaseF enzyme or left untreated
(Fig. 4A). The Western blot
revealed two bands for the
untreated wild type transporter
with the higher molecular weight
species being the predominant
band. Upon treatment of the wild
type lysates with EndoH, the
migration of the lower molecular
weight species was accelerated,
indicating it was core-glycosylated
and integrated into the ER mem-
brane. Upon PNGaseF treatment
of the wild type lysates, migration
of both bands shifted to this lowest
molecular weight species, consist-
ent with the higher molecular
weight species being a complexly
glycosylated SLC26A3 protein
that has trafficked to the Golgi
apparatus or beyond. The bulk of
the �Y526/7 SLC26A3 protein

was core-glycosylated with only a small amount of complexly
glycosylated protein. The I544N, I675/6ins, and G702Tins
mutants were all core-glycosylated but contained no observ-
able complexly glycosylated protein, suggesting that these
CLD-causing mutations give rise to the disease by prevent-
ing proper trafficking to the plasma membrane. In addition,
it is worth noting that at steady state, the expression levels of
the I675/6ins and G702Tins mutant SLC26A3 proteins are
consistently reduced compared with the wild type, �Y526/7,
and I544N mutant transporters consistent with their recog-
nition by proteolytic systems of the cell.
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FIGURE 3. SLC26A3 Cl�/HCO3
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� exchange activity measure-
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I675/6ins, G702Tins) SLC26A3 along with cells transfected with empty vector. HeLa cells were loaded with
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buffer transition for the indicated proteins. The number of experiments used in the quantitation is indicated
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The cellular location of the wild type and mutant SLC26A3
transporters was also determined by performing immunofluo-
rescence experiments. In HeLa cells expressing SLC26A3, the
wild type transporter is found in the plasma membrane and in
the ER (Fig. 4B). Cells transfectedwith the�Y526/7 transporter
showed two distinct populations of cells. One population of
cells showed the �Y526/7 transporter at the plasmamembrane
(Fig. 4B, row 3), and the other showed ER retention (Fig. 4B, row
2). The I544N, I675/6ins, andG702Tinsmutant transporters all
show ER localization (Fig. 4B, rows 4–6). Identical results were
observed in the COS-7 cells (data not shown). To exclude any
possible epitope effects that may contribute to the observed
subcellular localization of the wild type and mutant transport-
ers, we also performed immunofluorescence experiments using
the anti-STAS domain antibody. The staining pattern for the

SLC26A3 transporters using the anti-STAS domain antibody
was indistinguishable compared with the anti-c-Myc antibody
in both HeLa and COS-7 cells (data not shown).
In an attempt to rescue the CLD-causing mutations that

affect proper trafficking out of the ER, we reduced the expres-
sion temperature from 37 to 30 °C and monitored the amount
of the complexly glycosylated protein produced. Transiently
transfected COS-7 cells were incubated at 37 °C for 24 h and
then shifted to 30 °C for an additional 24 h. The manipulation
led to a substantial increase in the amount of the complexly
glycosylated �Y526/7 mutant transporter, whereas a decrease
was observed in the amount of complexly glycosylatedwild type
protein (Fig. 5A compared with Fig. 4A). In contrast to the
�Y526/7 transporter, the I544N, I675/6ins, or G702Tins trans-
porters were not complexly glycosylated upon low temperature
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�
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treatment (Fig. 5A). Immunofluorescence experiments were
also performed to assess the subcellular localization of the wild
type andmutant transporters when expressed at 30 °C (Fig. 5B).

Consistent with the biochemical data, the vast majority of
�Y526/7 mutant transporter was found to be localized to the
plasma membrane at 30 °C, highlighting the temperature sen-
sitivity of this mutant. The increase in plasma membrane
expression at low temperature was not observed for the I544N,
I675/6ins, and G702Tins mutants, which all show ER localiza-
tion and vacuolation. To further substantiate this finding and to
determine whether the plasma membrane targeted �Y526/7 is
active, Cl�/HCO3

� exchange activity of the wild type and
�Y526/7 mutant transporters was measured (Fig. 5C). By con-
trast to the functional measurements made at 37 °C, the Cl�/
HCO3

� exchange rate of the �Y526/7 mutant transporter at
30 °C approached that of wild type (Fig. 5D).
The reduced ability of the �Y526/7 mutant SLC26A3 trans-

porter to traffic to the plasmamembrane, and the lack of plasma
membrane trafficking of the I544N, I675/6ins, and G702Tins
mutants, suggested that these mutations may be causing the
transporters to misfold. To investigate the possibility that
these mutations specifically disrupt folding of the STAS
domain, the wild type and mutant STAS domains were
recombinantly expressed to study their biochemical and bio-
physical properties.
Using the SLC26A3 STAS domain boundaries of 510–741,

we created Smt3-STAS fusions of the wild type and mutant
proteins and assessed their ability to fold by monitoring solu-
bility in E. coli. The wild type, �Y526/7, and I544N STAS

domains were found to be solubly
expressed in E. coli, whereas the
I675/6ins and G702Tins SLC26A3
STAS domains were found to be
produced in an insoluble form (Fig.
6A). A similar pattern of solubility/
folding was observed when the
STAS domains were produced in
HEK 293 (Fig. 6B) and COS-7 cells
(data not shown), suggesting that
the effects of the mutations on
STAS domain folding are independ-
ent of the cell line used.
The solubly expressed wild type,

�Y526/7, and I544N STAS domains
were purified (Fig. 7A), and bio-
physical analyses using NMR and
CD spectroscopies were performed
(Fig. 7, B–D). The TROSY-HSQC
spectrum of the wild type SLC26A3
STAS domain shows nitrogen-pro-
ton cross-peaks with chemical shift
dispersions typical of a well folded
protein, with peaks in the center of
the spectrum likely from flexible
loops, termini, or the IVS (Fig. 7B,
black peaks). A TROSY-HSQC
spectrum of the �Y526/7 STAS
domain (Fig. 7B, red peaks) overlays
well with the wild type spectrum
with only minor differences, con-
sistent with absence of peaks and
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FIGURE 7. SLC26A3 STAS structure and stability. A, representative Coomassie-stained gels of purified STAS
domain protein is shown. B, NMR TROSY-HSQC spectra of purified 15N-labeled wild type and�Y526/7 SLC26A3 STAS
domain (black and red peaks, respectively) indicating well folded proteins. C, circular dichroism spectra of the wild
type, �Y526/7, and I544N SLC26A3 STAS domains. The spectra are averages of at least three experiments from at
least two separate protein preparations. D, mean residue molar ellipticity at 222 nm of the wild type, �Y526/7 and
I544N SLC26A3 STAS domains as a function of temperature from 20 to 80 °C. The data presented are averaged data
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local chemical shift changes near the site of the mutation. In
addition to the TROSY-HSQC spectra, CD spectra were col-
lected for the wild type, �Y526/7, and I544N STAS domains.
The CD spectra for the wild type and two mutant STAS
domains are indistinguishable from one another and indicate
that the STAS domain is a mixed �/� protein, consistent with
the predicted structure of the STAS domain (Fig. 7C). Thermal
stability measurements were made of the wild type, �Y526/7,
and I544NSTASdomains bymonitoring the loss ofmolar ellip-
ticity at 222 nm as the temperature was increased from 20 to
80 °C. No significant differences were observed between the
wild type, �Y526/7, and I544N STAS domain denaturation
curves with all three proteins having melting temperature (Tm)
values of 53 °C (Fig. 7D).
Although the �Y526/7 and I544N mutations cause a partial

or complete loss of plasma membrane trafficking of the trans-
porter, no measurable differences in the domain itself were

observed. By inference, the �Y526/7 and I544Nmutations may
affect the ability of the STAS domain to interact with other
regions of the transporter. To test this, the conformation of
SLC26A3 was assessed by limited proteolysis of the wild type
and mutant transporters with trypsin. Increasing concentra-
tions of trypsin were incubated with the lysates at room tem-
perature for 12 min, and the reactions were stopped by the
addition of sample buffer. Tryptic fragments were detected via
Western blot analysis using the STAS domain antibody, which
detect the full-length protein and three predominant proteo-
lytic fragments labeled 1–3 (Fig. 8A). Consistent with their
STAS domains beingmisfolded andmore readily degraded, the
I675/6ins and G702Tins transporters are more susceptible to
proteolysis than are the wild type, �Y526/7, and I544N trans-
porters. More subtle conformational differences between the
wild type and the �Y526/7 and I544N transporters are also
observed.Quantification of the degradation patterns of the full-
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length transporters (Fig. 8B) reveal measurable differences
between the wild type and the I544N transporters at the trypsin
concentrations encompassing 3–100 �g/ml (p values lower
than 0.05), where no significant differences are observed
between the wild type and �Y526/7 transporters. The most
profound difference between the wild type, �Y526/7, and
I544N transporters is in the production of proteolytic fragment
1 (Fig. 8D). These data taken together suggest that the�Y526/7
and I544Nmutationsmay cause conformational changes in the
transporter because of altered domain-domain interactions.

DISCUSSION

Multiple topology models have been presented for the
SLC26A family, with themost frequently publishedmodel hav-
ing the N and C termini located in the cytosol (1, 4, 5, 7–13, 18,
59–61). The experimental topology data presented here is the
first to be reported for SLC26A3 and supports a model with
intracellularly located N and C termini. Consistent with our
results, some previous studies on SLC26A5 and SLC26A6 have
indicated that theN andC termini of these proteins are located
in the cytosol (7, 10, 13, 61). The location of the N terminus
is important as previous reports have reported it to be pro-
teolytically cleaved in vivo (65, 66), raising the possibility
that proteolytic cleavage may regulate transporter function.
However, in this study the same banding pattern was
observed in ourWestern blots regardless of whether an N- or
C-terminal antibody was used (anti-c-Myc or anti-STAS
domain; data not shown), suggesting that under our experi-
mental conditions SLC26A3 is not undergoing any signifi-
cant proteolysis. In addition, localizing the SLC26A3 STAS
domain to the cytosol is consistent with the previously
described model for CFTR activation by SLC26A3 (33).
Indeed, establishing that the STAS domain of SLC26A3 is in
the same subcellular compartment as the R-domain of CFTR
is central to this model for HCO3

� secretion.
The boundaries of the cytosolic STAS domain have not yet

been clearly identified; however, it must follow the final trans-
membrane segment of SLC26A3 that has been predicted to end
between amino acids 494 and 497 (8, 59). Thus, the SLC26A3
STAS domain is likely to begin somewhere after amino acid
500. The absence of an SLC26ASTASdomain structure and the
lack of strong sequence identity between the SLC26A STAS
domains and SpoIIAA havemade identifying the precise begin-
ning of the domain difficult. In our expression studies the three
N-terminal boundaries tested all resulted in soluble protein
indicating that theN terminus of the STASdomainmay be at or
C-terminal to amino acid 525. However, in our R-domain bind-
ing assay, the N-terminal boundary of amino acid 510 resulted
inmore consistent binding thatwe interpret to indicate that the
extra 15 amino acids on the N terminus may aid in the binding
interactionwith theR-domain, suggesting that the functionalN
terminus is somewhere between amino acids 510 and 525. Con-
structswith aC-terminal boundary of amino acid 720 produced
an insoluble STAS domain, whereas constructs ending in
amino acid 741 were soluble. We interpret these data to indi-
cate that the C terminus of the STAS domain must be beyond
amino acid 720 but likely not past amino acid 741. In addition to
SLC26A3, the boundaries of a STAS domain homolog from

Aquifex aeolicus VF5 (gi:15606490) were screened with similar
results to those for SLC26A3. The optimal domain boundaries
for soluble protein expressionwere amino acids 450–588 (anal-
ogous to amino acids 525–739 of SLC26A3)with anN-terminal
boundary of amino acid 459 (analogous to amino acid 534 in
SLC26A3) or a C-terminal boundary of 575 (analogous to
amino acid 728 of SLC26A3) rendering the expressed protein
insoluble (data not shown). In addition, a previous report used
amino acid 497 as the N-terminal boundary for the SLC26A6
STAS domain, which is analogous to SLC26A3 amino acid 513
in SLC26A3 (67). However, in this study theC-terminal bound-
ary of SLC26A6 was defined to be amino acid 633, which from
ourmultiple sequence alignment is predicted to be near the end
of the IVS, suggesting that this construct is truncated at the C
terminus (67). This study provides a systematic analysis of
STAS domain boundaries and should aid in understanding the
structural and functional properties of this domain.
The functional, glycosylation, and immunofluorescence data

presented suggest that the I544N, I675/6ins, and G702Tins
mutations result in CLD because of ER retention and the loss of
functional protein at the plasma membrane. This is a common
disease-causing mechanism in the SLC26A protein family as a
number of mutations in SLC26A2 and SLC26A4 have shown
ER retention when monitored by immunofluorescence (11, 32,
48, 68). It is interesting to note that the equivalent I675/6ins
mutation in mouse SLC26A3 results in an inactive transporter
that is properly trafficked to the plasma membrane (32), sug-
gesting that this mutation differentially affects the human and
mouse transporters. The disease-causing mechanism of the
�Y526/7 transporter is less clear because it retains some Cl�/
HCO3

� exchange activity, and hence some functional protein at
the plasmamembrane. By lowering the expression temperature
the amount of functional, plasma membrane-localized, and
complexly glycosylated �Y526/7 mutant transporter
approached wild type levels. These data suggest that the
�Y526/7mutation is extremely sensitive to its cellular environ-
ment and is possibly a less severe mutation than the I544N,
I675/6ins or G702Tins mutations. It should be noted that the
�Y526/7 mutant was identified in a patient who had the severe
I675/6ins mutation on the other SLC26A3 allele (69).
Although the major mechanism of disease seems to be ER

retention, the CLD mutations have differential effects on the
STAS domain itself. The I675/6ins and G702Tins mutations
seem to prevent the STAS domain from folding as evident by
the lack of soluble expression. We interpret the lack of solubly
expressed protein to indicate protein misfolding. In contrast to
the I675/6ins andG702Tinsmutations, the�Y526/7 and I544N
mutations are solubly produced and do not cause dramatic
changes in the measured biochemical or biophysical properties
of the STAS domain. Nevertheless, the quality control machin-
ery of the cell clearly recognizes the�Y526/7 and I544Nmutant
transporters as different from the wild type transporter as evi-
dent by the mistrafficking of these proteins. It is possible that
the �Y526/7 and I544N mutations disrupt an interaction
between the STAS domain and other regions of the SLC26A3
transporter that results in the recognition of this conformation
as non-native by the cell. The trypsin proteolysis experiments
revealed different conformations for the mutant SLC26A3
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transporters compared with the wild type, consistent with the
hypothesis that the �Y526/7 and I544N mutations disrupt
domain-domain interactions.
A recent study on an SLC26A homolog from Arabidopsis

thaliana also supports the hypothesis that the STAS domain
may be involved in a domain-domain interaction. Shibagaki
and Grossman (36) performed random mutagenesis on the
Sultr1.2 STAS domain from A. thaliana and identified a num-
ber of residues that are critical for proper sulfate transport and
trafficking. Three of the residues identified by Shibagaki and
Grossman (36) (Tyr-523, Ala-540, andTyr-542) are at positions
similar to two of the CLD-causing mutations (�Y526/7 and
I544N) in SLC26A3. The Y523H, A540S, and Y542C Sultr1.2
mutants were all expressed and found to be in the plasmamem-
brane, with the Y523H and Y542Cmutations resulting in inac-
tive transporters and the A540S mutant reducing transport
activity. Shibagaki and Grossman (36) mapped their mutants
onto the SpoIIAA structure and found that many of their
mutants, including Y523H, A540S and Y542C, cluster to the
SpoIIAA-SpoIIAB binding interface. As a result, Shibagaki and
Grossman (36) speculated that molecular interactions on this
surfacemay be important for proper Sultr1.2 transport activity.
Because SLC26A3 and Sultr1.2 are homologous, it is logical to
think that the �Y526/7 and I544N mutations may also disrupt
an important domain-domain interaction; however, in contrast
to the Sultr1.2 mutants, the CLD-causing mutations in
SLC26A3 inhibit proper folding.

Taken together, our data suggest
a model by which the CLD-causing
mutations in the STAS domain of
SLC26A3 result in disease by caus-
ing a loss in wild type levels of func-
tional protein at the plasma mem-
brane (Fig. 9). The loss of functional
transporters at the membrane is
caused by at least two distinct
mechanisms, both of which result in
transporter mistrafficking and ER
retention. The I675/6ins and
G702Tins mutations cause the
STAS domain to misfold, which
prevents the mutant transporters
from reaching the native state. In
contrast, the �Y526/7 and I544N
mutations do not cause the STAS
domain to misfold, but rather likely
disrupt important intramolecular
interactions critical to forming a
well folded and functional trans-
porter. However, we cannot rule out
the possibility that additional inter-
molecular interactions critical for
proper folding are also being dis-
rupted by these two mutations.
These mechanisms have important
implications for potential therapeu-
tics, as with the former case directed
therapy would require stabilization

of the STAS domain itself, whereas the latter would require
stabilization of a domain-domain interaction.
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