
Published: February 02, 2011

r 2011 American Chemical Society 2157 dx.doi.org/10.1021/bi101887z | Biochemistry 2011, 50, 2157–2169

ARTICLE

pubs.acs.org/biochemistry

ABiochemical Framework for SLC4A11, the PlasmaMembrane Protein
Defective in Corneal Dystrophies
Gonzalo L. Vilas,† Patricio E. Morgan,‡ Sampath K. Loganathan,† Anita Quon,† and Joseph R. Casey*,†

†Membrane Protein Disease Research Group, Department of Physiology, and Department of Biochemistry, School of Molecular and
Systems Medicine, University of Alberta, Edmonton, Canada T6G 2H7
‡Centro de Investigaciones Cardiovasculares, Facultad de Ciencias M�edicas, Universidad Nacional de La Plata, La Plata, Buenos Aires,
Argentina CP1900

bS Supporting Information

ABSTRACT: Mutations in the SLC4A11 protein, reported as a sodium-coup-
led borate transporter of the human plasma membrane, are responsible for three
corneal dystrophies (CD): congenital hereditary endothelial dystrophy type 2,
Harboyan syndrome, and late-onset Fuch’s CD. To develop a rational basis to
understand these diseases, whose point mutations are found throughout the
SLC4A11 sequence, we analyzed the protein biochemically. Hydropathy
analysis and an existing topology model for SLC4A1 (AE1), a bicarbonate
transporter with the lowest evolutionary sequence divergence from SLC4A11,
formed the basis to propose an SLC4A11 topologymodel. Immunofluorescence
studies revealed the cytosolic orientation of N- and C-termini of SLC4A11.
Limited trypsinolysis of SLC4A11 partially mapped the folding of the mem-
brane and cytoplasmic domains of the protein. The binding of SLC4A11 to a
stilbenedisulfonate inhibitor resin (SITS-Affi-Gel) was prevented by preincuba-
tion with H2DIDS, with a significantly higher half-maximal effective concentra-
tion than AE1. We conclude that stilbenedisulfonates interact with SLC4A11
but with a lower affinity than other SLC4 proteins. Disease-causing mutants
divided into two classes on the basis of the half-maximal [H2DIDS] required for
resin displacement and the fraction of protein bindingH2DIDS, likely representingmildly misfolded and grossly misfolded proteins.
Disease-causing SLC4A11 mutants are retained in the endoplasmic reticulum of HEK 293 cells. This phenotype could be partially
rescued in some cases by growing the cells at 30 �C.

SLC4A11 was originally cloned on the basis of homology to
bicarbonate transporters of the SLC4 family and was thus

given the name BTR1 for (bicarbonate transporter 1).1

SLC4A11 is an intriguing SLC4 family member because of its
low degree of identity with the remaining members of the family
(for example, sharing a maximum of 19% identity with SLC4A1/
AE1) and its sequence similarity to the plant boron transporter
BOR1.2,3 The human SLC4A11 gene, located at chromosome
20p12, consists of 19 exons spanning 11774 bp of genomic DNA
and encodes an 891 amino acid membrane protein. Three
different corneal dystrophies, congenital hereditary endothelial
dystrophy type 2 (CHED2), Harboyan syndrome (HS), and
some cases of Fuch’s endothelial corneal dystrophy (FECD), are
caused by mutations in the SLC4A11 gene,4-6 which has piqued
interest in SLC4A11. SLC4A11-associated diseases are marked
by abnormalities of the corneal endothelium and descemet
membrane as well as edema of the corneal stroma.7 In order to
begin to understand the structural basis of point mutations that
give rise to corneal dystrophies, we performed a biochemical
characterization of SLC4A11.

The SLC4 family of plasma membrane transport proteins
divides into two subfamilies on the basis of functional activity, as

either electroneutral Cl-/HCO3
- exchangers or Naþ-coupled

HCO3
- cotransporters.3,8,9 SLC4A11 is the only member of the

SLC4 family that has not been demonstrated to transport
HCO3

-; rather, it has been reported to function as an electro-
genic Naþ-coupled borate cotransporter that transports Naþ and
OH- when boron is absent.10 In light of this borate transport
function, SLC4A11 has also been called NaBC1 for Naþ/borate
cotransporter 1.10

SLC4A11 tissue distribution is broad, with high expression
levels in the corneal endothelium, blood cells, ovary, tongue,
lung, skin, and colon.1,10 Brain, pancreas, and kidney also express
SLC4A11 but to a lesser extent. Some tumors, including skin,
oral, ovarian, respiratory, gastrointestinal, retinoblastoma, and
leukemia, also express SLC4A11.11 In addition to the mentioned
corneal endothelial disorders CHED2, Harboyan syndrome, and
FECD,5,6,11,12 SLC4A11 defects are associated with abnormal
cell growth, proliferation defects, sensorineuronal abnormalities,
and polyuria.2,10,13
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There is no information available on the structure of human
SLC4A11. When transiently expressed in HEK 293 cells,
SLC4A11 is immunodetected as two bands of approximately
90 and 110 kDa corresponding to core and complex glycosylated
forms of the protein, respectively.6 The higher molecular mass
complex glycosylated form targets to the plasma membrane,
while the immature form is retained in the endoplasmic
reticulum.6 Here we studied SLC4A11 structure by characteriz-
ing N- and C-terminally epitope-tagged versions of the protein,
transiently expressed in HEK 293 cells. Partial proteolytic
cleavage and confocal immunofluorescence microscopy pro-
vided evidence for the topology of SLC4A11. The degree of
folding of SLC4A11 and its disease alleles was assessed by the
ability to bind to the immobilized inhibitor, SITS, and by
sensitivity to digestion with trypsin. Finally, the ability to rescue
misfolded mutant SLC4A11 from the ER was examined by
growing cells expressing SLC4A11 at either 30 or 37 �C.

’EXPERIMENTAL PROCEDURES

Materials. Eukaryotic expression constructs for human wild-
type and mutant SLC4A11 cDNA, N-terminally tagged with the
hemagglutinin (HA) epitope, were reported earlier.5,14 SITS-
Affi-Gel resin was prepared as reported previously.15,16 Dulbec-
co’s modified Eagle’s medium (DMEM), fetal bovine serum, calf
serum, penicillin-streptomycin-glutamine, and Dynabeads
protein G were from Invitrogen (Carlsbad, CA, USA). Cell
culture dishes were from Corning (Corning, NY, USA). Com-
plete protease inhibitor was from Roche Applied Science
(Indianapolis, IN, USA). BCA protein assay kit was from Pierce
(Rockford, IL, USA).Monoclonal antibody anti-HA(clone 16B12)
was from Covance (Princeton, NJ, USA). Mouse (clone 4A6) and
rabbit anti-Myc antibodies were from Millipore (Billerica, MA,
USA) and Abcam (Cambridge, MA, USA), respectively. IVF12
monoclonal antibody anti-AE1 was a kind gift from Dr. Michael
Jennings (University of Arkansas, AR, USA). Horseradish per-
oxidase-conjugated donkey anti-mouse IgG was from GE
Healthcare Bio-Sciences Corp. (Piscataway, NJ, USA). Alexa-
coupled antibodies and Prolong Antifade Gold solution were
from Molecular Probes (Carlsbad, CA, USA). Trypsin, leupep-
tin, and phenylmethanesulfonyl fluoride (PMSF) were from
Sigma-Aldrich (Oakville, ON, Canada).
DNA Constructs. Amino- or carboxy-terminally Myc-epi-

tope-tagged SLC4A11 (Myc-SLC4A11 or SLC4A11-Myc, re-
spectively) chimeras were engineered by PCR using SLC4A11
cDNA in the mammalian expression vector pcDNA3.1(-) as
template. Myc-SLC4A11 was constructed using the forward
primer 50-ctagctagcgccaccatggaacaaaagctaatttcagaagaagacctaagc-
caggtcggg-30 that contains a 50 NheI restriction site and intro-
duces an N-terminal Myc-epitope tag (coding for the amino
acid sequence EQKLISEEDL, underlined) to the SLC4A11
sequence removing the original initiation codon. The reverse
primer 50-agcggcgaagca-30 hybridizes downstream of a unique
EcoNI restriction site within the protein’s coding sequence.
SLC4A11-Myc was constructed in a similar way, using the
forward primer 50-gcgctctacatccaggtgat-30 that hybridizes up-
stream of a unique BbvCI restriction site within SLC4A11 cDNA
and the reverse primer 50-gctctagatcacaggtcttcctcactgatcagcttctgtt-
caggcctgtgctcagcgtc-30 that inserts a Myc-epitope tag (EQKLIS-
EEDL, underlined) at the C-terminal end of the SLC4A11
sequence, removing the original stop codon, and introducing a
XbaI restriction site at the 30 end of the amplified sequence.

Clone integrity was confirmed by sequencing (DNA Core
Facility, University of Alberta).
Amino Acid Sequence Analysis. Amino acid sequences for

human SLC4 proteins were downloaded from pubMed (http://
www.ncbi.nlm.nih.gov/pubmed). Amino acid sequences were
aligned with ClustalW software (http://align.genome.jp/). Se-
quences corresponding to the membrane domain of each protein
were defined as starting with the residue that aligned with the
start of the AE1 membrane domain (V405) up to their C-termi-
nus. Phylogenetic dendrograms for the membrane domain
sequences were prepared with ClustalW software. Hydropathy
plots for the amino acid sequences of full-length human AE1 and
SLC4A11 were prepared with TMPred software (http://www.
ch.embnet.org/software/TMPRED_form.html).
Tissue Culture. HA-SLC4A11, Myc-SLC4A11, SLC4A11-

Myc, human SLC4A1 (AE1) 17, or human SLC4A1.HA 18 was
expressed in HEK 293 cells by transient transfection using the
calcium phosphate method.19 Cells were grown at 37 �C (or
30 �C, where indicated) in an air/CO2 (19:1) environment in
DMEM, supplemented with 5% (v/v) fetal bovine serum, 5%
(v/v) calf serum, and 1% (v/v) penicillin-streptomycin-gluta-
mine. All experiments involving transfected cells were carried out
40-48 h posttransfection.
Immunoblot Analysis. Samples were prepared in 2� SDS-

PAGE sample buffer (10% (v/v) glycerol, 2% (w/v) SDS, 0.5%
(w/v) bromophenol blue, 75 mM Tris, pH 6.8), containing
Complete protease inhibitor. Prior to analysis, samples were
adjusted to 1% (v/v) 2-mercaptoethanol and heated for 4 min at
65 �C, and insoluble material was removed by centrifugation at
16000g for 10 min. Samples were then resolved by SDS-PAGE
on 7.5% (w/v) acrylamide gels.20 Proteins were electrotrans-
ferred onto Immobilon-P PVDF membranes (Millipore Corp.,
MA, USA). Immunoblots were prepared as previously described.21

Membranes were then incubated for 16 h at 4 �C with gentle
rocking in the presence of either mouse anti-HA, mouse anti-
Myc, or IVF12 mouse anti-AE1 at 1:1500, 1:2000, and 1:3000
dilution in TBS-TM, respectively. After successive washes with
TBS and TBS-T (TBS containing 0.1% (v/v) Tween-20), the
membranes were incubated with a 1:5000 dilution of the appro-
priate HRP-conjugated secondary antibodies in TBS-TM for 1 h
at room temperature and further washed with TBS and TBS-T.
Proteins were detected using Western Lightning chemilumines-
cence reagent plus (PerkinElmer Las, Inc., MA, USA) and
visualized using a Kodak Image Station 440CF (Kodak, NY,
USA). Quantitative densitometric analyses were performed
using Kodak Molecular Imaging Software v4.0.3 (Kodak, NY,
USA).
SITS-Affi-Gel Binding Assays. HEK 293 cells were transi-

ently transfected with cDNAs encoding HA-SLC4A11 or AE1 as
described above. Forty to forty eight hours posttransfection, cells
were washed with 4 �C PBS (140 mMNaCl, 3 mMKCl, 6.5 mM
Na2HPO3, 1.5 mM KH2PO3, pH 7.4), lysed in IPB buffer (1%
(v/v) IGEPAL CA-630, 5 mM EDTA, 150 mM NaCl, 0.5%
(w/v) sodium deoxycholate, 10 mMTris-HCl, pH 7.5), contain-
ing Complete protease inhibitor (Roche Applied Science, IN,
USA), and separated into equal volume fractions. Each sample
was preincubated for 1 h at 4 �C with increasing concentrations
(0-500 μM) of the anion exchanger inhibitor 4,40-diisothiocya-
nodihydrostilbene-2,20-disulfonic acid (H2DIDS). After H2DI-
DS preincubation, samples were combined with 50 μL of
4-acetamido-40-isothiocyanostilbene-2,20-disulfonic acid slurry
coupled to Affi-Gel resin (SITS-Affi-Gel resin) and further
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incubated for 15 min at 4 �C with gentle agitation.15,16 The
samples were then centrifuged for 3 min at 13200g at 4 �C
and the supernatants recovered. As a nonspecific binding control,
IPB-solubilized SLC4A11 samples were made to a final concen-
tration of 1% (w/v) lithium dodecyl sulfate (LDS) and,
after 20 min incubation on ice, subjected to the treatment
described above. Samples were separated by SDS-PAGE and
analyzed by immunoblotting, and the amount of HA-tagged
SLC4A11 present in each aliquot was quantified by densi-
tometry.
Partial Trypsin Digestion. HEK 293 cells were transfected

with empty vector, Myc-SLC4A11, or SLC4A11-Myc. For
trypsin digestion of solubilized protein, samples were lysed in
500 μL of IPB buffer in the presence or absence of protease
inhibitors and immediately centrifuged at 13200g for 30 min at
4 �C. Supernatants were recovered and samples incubated at
0 �Cwith either 2 μg/mL trypsin or left untreated for 10min. For
intact cell proteolytic digestions, tissue culture dishes were
washed with 4 �C PBS and incubated for 10 min at 0 �C in
PBS, containing 10 μg/mL trypsin or protease inhibitors.
Membrane-enriched fractions were isolated as described
previously.22 Briefly, transfected HEK 293 cells were washed in
4 �C PBS and lysed in hypotonic lysis buffer (2.5 mM MgCl2, 1
mM EDTA, 1 mM dithiothreitol, 50 mM Tris-HCl, pH 8.0) in
the presence or absence of protease inhibitors. Cells were passed
through a 26 1/2-gauge needle 10 times and centrifuged at 400g
for 5 min to remove nuclei and debris. The supernatant was
centrifuged at 100000g for 30 min at 4 �C. The membrane-
enriched pellet was resuspended in PBS and incubated for 10min
at 0 �C in the presence of 10 μg/mL trypsin or protease
inhibitors. All trypsinolysis reactions were stopped by the addi-
tion of 1 volume of 2� SDS-PAGE sample buffer, containing
1% (v/v) 2-mercaptoethanol, 81 μM leupeptin, and 10 mM
PMSF, and heating at 65 �C for 4 min. Samples were then
separated by SDS-PAGE. Myc-tagged SLC4A11 was detected
on immunoblots using 4A6 anti-Myc monoclonal antibody.
ConfocalMicroscopy. HEK 293 cells grown in 10 cm culture

dishes containing 25 mm circular poly(L-lysine)-coated cover-
slips were individually transfected with cDNAs encoding for HA-
SLC4A11, SLC4A11-Myc, AE1 bearing an HA epitope inserted
at amino acid 557 in the fourth extracellular loop (SLC4A1.
HA),18 or empty vector (pcDNA 3.1 (-)). Two days post-
transfection cells were washed twice with 4 �CPBS, fixed with 1%
paraformaldehyde, 1 mM CaCl2, and 1 mM MgCl2 in PBS, pH
7.4, for 20 min at 0 �C, and washed twice with 4 �C PBS. Samples
were then quenched with 50 mM NH4Cl for 10 min at 0 �C.
Fixed cells were permeabilized with 0.1% (v/v) Triton X-100 in
PBS or left untreated for 1 min at 4 �C. Coverslips were then
blocked for 30 min at 4 �C with 0.2% (w/v) gelatin in PBS. After
blocking, samples were incubated for 1 h in a humidified chamber
in the presence of 16B12 anti-HA, 4A6 anti-Myc, or IVF12 anti-
AE1 23 monoclonal antibodies at 1:1000 dilutions in 0.2% (w/v)
gelatin in PBS. After three washes with 0.2% (w/v) gelatin in
PBS, primary antibodies were detected by further incubation for
1 h in a dark humidified chamber in the presence of chicken anti-
mouse IgG, conjugatedwith Alexa Fluor 488 at 1:1000 dilution in
0.2% (w/v) gelatin in PBS. Finally, coverslips were washed three
times with 0.2% (w/v) gelatin in PBS, rinsed twice with PBS, and
mounted in Prolong Antifade Gold solution containing the
DNA-specific fluorescent dye 40,6-diamidino-2-phenylindole
(DAPI). Images were obtained with a Zeiss LSM 510 laser
scanning confocal microscope (Carl Zeiss MicroImaging Inc.,

Germany), mounted on an Axiovert 100 M controller with a
63(NA1.4) lens.
Statistical Analysis. Values are expressed as mean ( stan-

dard error of measurement. Statistical significance analyses were
performed using Prism software (Graphpad). Groups were com-
pared with one-way ANOVA and unpaired t-test with p < 0.05
considered significant.

’RESULTS

Sequence Analysis To Predict SLC4A11 Transmembrane
Structure. The SLC4 family of bicarbonate transporters divides
into two functional groups (subfamilies), functionally corre-
sponding to electroneutral Cl-/HCO3

- exchangers (AE1,
AE2, and AE3) and Naþ-coupled HCO3

- cotransporters
(SLC4A9, NBCn1, NBCn2, NDCBE, NBCe1, and NBCe2).8

Members of these two subfamilies share a significant degree of
sequence identity and therefore likely have common structural
features.8 SLC4A11 was originally included in the SLC4 family
because of distant sequence similarity to electroneutral Cl-/
HCO3

- exchangers (AE1, AE2, and AE3).1 Phylogenetic anal-
ysis, however, indicates that SLC4A11 does not cluster strongly
with either functional group but rather is placedmidway between
these two subfamilies, suggesting an early evolutionary
divergence8 (Supporting Information Figure 1). SLC4A11 is
the most divergent of the SLC4 family (Supporting Information
Figure 1). This degree of divergence raises the possibility that
SLC4A11 structure is significantly different from other SLC4
members.
Electroneutral Cl-/HCO3

- exchangers AE1, AE2, and AE3
consist of three domains: an N-terminal cytosolic domain, a
membrane domain, and a C-terminal cytosolic domain.8 The
membrane domain alone supports transport function.24,25

Although the predicted membrane domain of SLC4A11 has
only 24% sequence identity with that of AE1 (the erythrocyte
membrane Cl-/HCO3

- exchanger, also called band 3),3 the
number and position of predicted transmembrane spans and
hydropathy profiles for both proteins are strikingly similar
(Supporting Information Figure 2). On the basis of the topology
model for AE1 8 and the similar hydropathy profiles that these
two proteins display, we propose that SLC4A11 spans the
membrane 14 times with both N- and C-termini facing the
cytosol (Figure 1).
SLC4A11 has five potential consensus N-linked glycosylation

sites (Asn-X-Ser/Thr) located at Asn 72, 142, 478, 545, and 553.
Among these, only two localize to a potential extracellular loop
(extracellular loop (EC) 3) on the topology model (Figure 1),
which is the same region as AE3 but differs from AE1 where the
glycosylated residue, Asn 642, is located in EC4.8,26 We propose
that SLC4A11 is glycosylated at Asn 545 or Asn 553 or both.
Orientation of N- and C-Terminal Domains. To assess the

orientation of theN- andC-terminal regions of SLC4A11 relative
to the plasma membrane, we used confocal microscopy. Tissue
culture dishes containing HEK 293 cells grown on glass cover-
slips were transfected with cDNAs encoding HA-SLC4A11,
SLC4A11-Myc, AE1 bearing an HA epitope tag in the fourth
extracellular loop (SLC4A1.HA),18 or empty vector. HA-
SLC4A11 and SLC4A11-Myc were not detected by either anti-
HA or anti-Myc antibodies when the cells were immunolabeled
without cell permeabilization. HA-SLC4A11 and SLC4A11-
Myc, however, were detected intracellularly and at the plasma
membrane of permeabilized cells (Figure 2). In nonpermeabilized



2160 dx.doi.org/10.1021/bi101887z |Biochemistry 2011, 50, 2157–2169

Biochemistry ARTICLE

cells only anti-HA antibodies were able to label the extracellular
SLC4A1.HA epitope, while anti-AE1 C-terminal antibody,
IVF12, produced no signal. Since the AE1 C-terminus is estab-
lished as cytosolic,27 this indicates that the fixation conditions
used in this experiment do not significantly disrupt the plasma
membrane integrity of the cells. SLC4A1.HA was detected in
permeabilized cells with both anti-HA and IVF12. Specificity of
the antibodies used is indicated by the absence of significant
signal in cells transfected with empty vector (Figure 2, lower
panel). Together, these results indicate a cytosolic localization of
the N- and C-termini of SLC4A11, in agreement with the
proposed topology model (Figure 1).
Limited Proteolysis. To probe the validity of the topology

model, we examined the folded structure of SLC4A11 by limited
proteolysis. Regions of the protein where cleavage sites are
buried within the folded structure or transmembrane spanning
segments will not be accessible to tryptic cleavage. Trypsin
cleaves after Lys and Arg residues in exposed and accessible
areas of a folded protein. Of the 45 Arg and 36 Lys residues in
SLC4A11, 18 and 16, respectively, are within the predicted
membrane domain region of SLC4A11 (from Tyr 375 to the
C-terminus). Cells, transfected with N- or C-terminally Myc-
tagged SLC4A11, were subjected to proteolytic digestions under

a variety of conditions, including detergent-solubilized extracts,
intact cells, and membrane-rich extracts (Figure 3 and Table 1).
Undigested Myc-SLC4A11 and SLC4A11-Myc are found as two
major bands, previously identified as representing two different
glycosylation states: mature (upper) and immature (lower)
protein 6 (Figure 3). Minor bands of approximately 58 and 29
kDa are also present in untreated samples from Myc-SLC4A11
and SLC4A11-Myc, respectively. These bands could arise from
the action of endogenous proteases or as a result of early
termination of translation. Specificity of SLC4A11 detection by
the Myc epitope is revealed by the absence of immunoreactivity
in lysates of vector-transfected cells. Using an average amino acid
molecular mass of 110 Da and the calculated molecular mass of
the tryptic fragments, we determined the length of the fragments
and the corresponding nearest trypsin cleavage site on the
SLC4A11 sequence (Table 1). The contribution of epitope tags
to the size of each fragment was considered in assigning the
positions of proteolytic sites. We did not employ mass spectro-
metric analysis to identify cleavage sites, as the hydrophobic
peptides resulting from proteolysis of integral membrane do-
mains do not resolve readily by mass spectrometry.28

Proteolytic Digestion of Intact Cells. To determine which
trypsin-sensitive sites of SLC4A11 are at the exofacial side of the

Figure 1. Topology model for human SLC4A11. Topology model for human SLC4A11 developed from the proposed structure of AE1,26

hydrophobicity prediction algorithms (Supporting Information Figure 2), sequence alignments with AE1, immunofluorescence and proteolysis studies
described in the present report. Numbers indicate amino acid position. Predicted N-glycosylation sites are in black, and the branched structures
represent oligosaccharide moieties. Black and gray arrowheads indicate trypsin cleavage sites identified through partial digestion of Myc-SLC4A11 and
SLC4A11-Myc, respectively. Identified point mutations causing CHED2 (blue filled), FECD (red filled), and Harboyan syndrome (orange filled)
are indicated.4-6,11,12,34,37,39,41,42 S213 was identified as mutated in both Harboyan syndrome and CHED2 and is shown in filled blue and orange
accordingly. Asterisks indicate residues where two different point mutations have been found to cause disease.
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plasma membrane, we treated intact HEK 293 cells, transfected
with either Myc-SLC4A11 or SLC4A11-Myc cDNA, with trypsin.
Immunoblots from trypsin-treated intact cells transfected with
Myc-SLC4A11 revealed two major bands of 58 ( 3 and 56 ( 3
kDa and a minor band of 45 ( 3 kDa (Figure 3A, cells). These
immunoreactive fragments correspond to polypeptides of 517,
499, and 399 amino acids, respectively. The nearest site that could
give rise to a fragment about 399 residues long is K409, which
maps well into the extracellular loop between TM 1 and TM 2
(Figure 1). Position 499 maps to the middle of a region homo-
logous to a region accepted to be in the middle of TM 5 of AE1,
while position 517 is adjacent to K516. We estimate that these
fragments differ by 18 residues. We note (1) there are no Lys or
Arg residues near position 319, (2) the region around 399 is almost
certainly in the center of the bilayer on the basis of alignment with
AE1, and (3) there is a 3 kDa (27 amino acid) error in our
estimates of fragment size. We therefore assign the 58 and 56 kDa
fragments to Lys 516 and Lys 529 in extracellular loop 3.
Mapping sites relative to the C-terminal Myc tag, trypsin

treatment of intact cells transfected with SLC4A11-Myc gener-
ated three fragments of 53( 4, 49( 4, and 29( 2 kDa (Table 1,
Figure 3B, cells). The 29 kDa fragment confirms the exofacial
location of Arg 637 mapped in the center of EC 4. The presence
of this fragment in samples that were not treated with trypsin
suggests that the site is extremely sensitive to digestion and thus
in a highly open conformation. Longer fragments span the site(s)

of glycosylation in EC 3, meaning that they can correspond to
digestion of the 110 kDa (glycosylated) or 82 kDa (unglycosylated)
forms of SLC4A11. While enzymatic deglycosylation of the
tryptic peptides would have clarified the identity of the frag-
ments, it was not possible for technical reasons. Caution is thus
required in interpretation of the sites of proteolysis giving rise to
these fragments, since the uncertainty concerning the absence or
presence of 18 kDa of glycosylation (110 kDa - 82 kDa) gives
rise to 163 residue potential error. We therefore did not assign
digestion positions relative to the C-terminus, except for Arg 637.
Trypsin Cleavage of Nonsolubilized Membranes. We also

trypsin-treated isolated membranes of SLC4A11-expressing
HEK 293 cells, in order to identify cytosolic sites in the absence
of detergent. Digestion of Myc-SLC4A11 yielded a predominant
fragment of 58 kDa and minor fragments of 56, 45, and 41 kDa
(Figure 3, membranes, and Table 1). The 58, 56, and 45 kDa
fragments were attributed above to Lys 529, Lys 516, and Lys
409, assigned to the extracellular surface of SLC4A11 (Figure 1).
The 41 kDa band was not observed in digests of intact cells,
suggesting that the site is intracellular. Consistent with this, the

Figure 2. Localization of the N- and C- termini of SLC4A11. HEK 293
cells were transfected with cDNAs encoding HA-SLC4A11, SLC4A11-
Myc, SLC4A1.HA (an AE1 construct bearing the HA epitope in the
fourth extracellular loop of the protein), or empty vector. Samples were
permeabilized with Triton X-100 (permeabilized) or left untreated
(nonpermeabilized) and processed for confocal immunofluorescence
microscopy. HA tag was detected in N-terminally tagged HA-SLC4A11
and SLC4A1.HA with monoclonal anti-HA antibody. The cytosolic
C-terminal domain of SLC4A1.HA and C-terminally Myc-tagged
SLC4A11-Myc were detected with IVF12 and anti-Myc monoclonal
antibodies, respectively. All of the primary antibodies were detected
using chicken anti-mouse IgG conjugated with Alexa Fluor 488 (green).
Nuclei were detected with DAPI (blue).

Figure 3. Partial trypsin digestion of SLC4A11. HEK 293 cells were
transfected with empty vector (V) or cDNA encoding N- or C-termin-
ally Myc-tagged SLC4A11 (Myc-SLC4A11 and SLC4A11-Myc, re-
spectively). Samples were either solubilized in IPB (lysate), left intact
(cells), or fractionated to produce a membrane-rich extract
(membranes) and subjected to partial trypsin digestion. Samples were
separated by SDS-PAGE and immunoblotted using anti-Myc antibody
to detect Myc-SLC4A11 (A) and SLC4A11-Myc (B). Calculated
molecular masses of the immunoreactive bands (kDac) were determined
using the linear relationship between the relative mobility of protein
standards and the logarithm of their molecular masses. Masses are
presented as molecular mass ( standard error (n g 3).
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fragment is assigned to cleavage at Lys 368, which is just before
TM 1. Since the first 368 amino acids of SLC4A11 do not contain
regions of sufficient hydrophobicity to act as a transmembrane
segment (Supporting Information Figure 2), the intracellular
localization of Lys 368 indicates that theN-terminus to Lys 368 is
cytoplasmic and constitutes a cytoplasmic domain. Digestion of
SLC4A11-Myc yielded a 29 kDa fragment that confirmed
accessibility of Arg 637.
Trypsin Cleavage of Whole Cell Lysates. Digestion of

detergent lysates of whole cells expressing Myc-SLC4A11 gave
results that were somewhat different than digests of whole
membranes. The 45 and 41 kDa fragments, found as minor
bands in digests of membranes, were predominant. These bands
were assigned above to cleavage at Lys 409 and Lys 368,
respectively (Figures 1 and 3A, lysate, and Table 1). The
increased abundance of these fragments could be explained by
increased proteolytic action of endogenous proteases released
from organelles (i.e., lysosomes) upon detergent solubilization.
Alternatively, detergent may have opened the structure of
SLC4A11, resulting in increased protease accessibility. Digests
of lysates confirmed fragments of 58 and 56 kDa, supporting
accessibility at Lys 516 and Lys 529. Finally, faint bands at 33, 30,
and 27 kDa were also observed (Figure 3A, lysate, and Table 1).
We have assigned a possible cleavage site to each of these
fragments. However, given the magnitude of the error on the
size estimates for these fragments (36-45 amino acids) we can
only conclusively say that there are three weakly accessible sites
of proteolysis within the first 300 amino acids of the SLC4A11
cytoplasmic domain.
Assessment of SLC4A11 Folding Status by Limited Pro-

teolysis. To begin to determine the nature of structural changes
in SLC4A11 mutants, we performed limited proteolysis, an
approach that has detected altered folding in many membrane
proteins.29,30 We prepared lysates from cells expressing WT
SLC4A11 or the CHED2 mutants E143K, C386R, and R755W.

In order to assess proteolytic fragments relative to the N- or
C-terminus, each of these proteins was expressed as an N-term-
inally HA-tagged version (Supporting Information Figure 3) or
C-terminally Myc-tagged version (Supporting Information Fig-
ure 4). We then examined the appearance of proteolytic frag-
ments as a function of time of treatment with trypsin. The
proteolytic patterns as assessed by the number and size of
cleavage intermediates detected using anti HA antibodies were
similar for WT and mutant SLC4A11 proteins (Supporting
Information Figures 3 and 4). Moreover, the rate at which the
full-length forms of the mutant proteins disappear was not
significantly different fromWT (Supporting Information Figures
3 and 4), except in the case of R755W, monitored with the
C-terminal epitope tag. It was not possible to discriminate WT
and CHED2 mutants of SLC4A11 on the basis of their proteo-
lytic digestion pattern or rate of disappearance of the highest
molecular mass form of protein.
Interaction of SLC4A11 with Stilbenedisulfonates. Since

we could not detect changes in the structure of mutated
SLC4A11 by limited proteolysis, we used an alternate approach
to assess SLC4A11 folding. Stilbenedisulfonate compounds,
including 4-acetamido-40-isothiocyano-2,20-stilbenedisulfonic
acid (SITS), bind to and are classical inhibitors of SLC4 protein
family members.9,25,31 To examine possible interactions of
SLC4A11 with these compounds, we examined binding to SITS
immobilized on Affi-Gel resin (SITS-Affi-Gel), as described
previously for AE1.15We also prelabeled proteins with increasing
concentrations of the covalently reactive stilbenedisulfonate,
H2DIDS. Protein that does not bind to SITS-Affi-Gel thus
represents the population that has its stilbenedisulfonate binding
site occupied by H2DIDS or that is incompetent to bind SITS-
Affi-Gel. In this experiment the assumption ismade that H2DIDS
and SITS, related stilbenedisulfonate compounds, compete for a
single binding site in SLC4A11, as occurs for AE1. Since the end
point of this assay is the degree of association with SITS-Affi-Gel

Table 1. Trypsin Digestion Sites Identified in SLC4A11a

construct

fragment mass

(kDa)

estimated size of peptide (no. of

residues)

corresponding position in

SLC4A11

estimated site of cleavage (amino acid

position)

exptl

condition

Myc-SLC4A11 58( 3 517 517 K529* L, C, M

56( 3 499 499 K516* L, C

45( 3 399 399 K409 L, C, M

41( 2 363 363 K368 L, M

33 ( 5 291 291 R289 L

30( 4 260 260 K260 L

27( 5 232 232 R233 L

SLC4A11-Myc 71( 2 635 256 L, M

64( 2 572 319 L

58( 2 517 374 L, M

53( 4 472 419 L, M

49( 4 435 456 C

29( 2 254 637 R637 L, C, M
aHEK 293 cells transfected with N- or C-terminally Myc-tagged SLC4A11 (Myc-SLC4A11 and SLC4A11-Myc, respectively) were either solubilized in
detergent (L), left as intact cells (C), or fractionated to produce a membrane-rich extract (M) and then subjected to partial trypsin digestion. Samples
were processed for immunoblotting, and the molecular masses of the immunoreactive bands were determined (see Figure 3). Fragment masses are
presented asmolecular mass (in kDa)( SE (ng 3). The estimated sizes of peptides were determined from the fragmentmass, assuming an averagemass
of 110 Da/residue, and subtracting the 10 amino acids of the Myc tag. Corresponding position in SLC4A11 is the site that would generate a fragment of
the calculated estimated size. Estimated site of cleavage is the Lys or Arg residue closest to the corresponding position in SLC4A11, except for those
marked with an asterisk. The Lys or Arg in the SLC4A11 sequence that would give a fragment nearest to the estimated size of peptide was identified as the
estimated site of cleavage.
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resin, we cannot rule out that H2DIDS may interact with
SLC4A11 at locations outside the SITS binding site, but these
events would not be detected in the SITS-Affi-Gel binding assay.
AE1, which is established to bind to stilbenedisulfonates, was

immobilized by the SITS-Affi-Gel resin (Figure 4A, bottom
panel). In the absence of H2DIDS a fraction of AE1 protein
did not bind the resin, which may represent misfolded protein or
a limiting availability of SITS on the resin. The amount of
SLC4A11 that did not bind the SITS-Affi-Gel resin increased
as the H2DIDS concentration increased (Figure 4A, upper
panel). In contrast, denaturation of SLC4A11 with LDS abol-
ished binding of the protein to the SITS-Affi-Gel resin (nearly
100% of LDS-treated SLC4A11 failed to bind SITS-Affi-Gel,
Figure 4A, middle panel). This indicates that a folded conforma-
tion of SLC4A11 is required for SITS-Affi-Gel binding. Quanti-
fication of the SITS-Affi-Gel binding data (Figure 4B) revealed
the interactions of the proteins with H2DIDS and SITS-Affi-Gel.
Much higher concentrations of H2DIDS were required to
prevent SLC4A11 from binding SITS-Affi-Gel than for AE1
(Figure 4C, half-maximal effective concentrations (EC50) of 23
( 7 and 1 ( 0.5 μM H2DIDS, respectively). This indicates that
SLC4A11 has a much lower affinity for H2DIDS than does AE1.
The half-maximal binding concentration observed for H2DIDS is
in line with the 0.1 and 2 μM IC50 values reported for the mixed

and covalent interaction of DIDS with AE1, respectively.31

Stilbenedisulfonates may be effective functional inhibitors of
SLC4A11, but their effective concentration is likely 20-fold
higher than found for AE1. We were unable to test whether
stilbenedisulfonates affect borate transport activity of SLC4A11
as we were unable to replicate the original report of borate
transport by SLC4A11 10 (manuscript in preparation).
Discrimination of SLC4A11 Mutants Using SITS-Affi-Gel.

We compared the interaction of WT HA-SLC4A11 and three
CHED2 mutants (R125H, A269V, and R755W) with SITS-Affi-
Gel and H2DIDS to investigate if this assay could differentiate
grossly misfolded frommildly misfolded proteins. Previously, the
ability to bind stilbenedisulfonates was used to differentiate mis-
folded mutants of AE1 from WT AE1.18,32,33 Under these con-
ditions of saturating amounts of SITS-Affi-Gel, SLC4A11 mu-
tants were fully bound to the resin, so the fraction of protein
bound was unable to discriminate the protein’s folded state
(Figure 5A,B). The amount of mutant and WT SLC4A11 that
did not bind the SITS-Affi-Gel resin increased as the H2DIDS
concentration increased (Figure 5A). Quantification of the data
(Figure 5B) revealed that H2DIDS had a half-maximal effective
concentration (EC50) of 19 ( 4 μM for WT HA-SLC4A11
(Figure 5C) and 29 ( 12 μM for R125H SLC4A11, which did
not statistically differ from WT. EC50 values for A269V and

Figure 4. Interaction of SLC4A11 with immobilized inhibitor. Detergent-solubilized lysates of HEK 293 cells, transiently transfected with cDNA
encoding N-terminally HA-tagged HA-SLC4A11 or AE1, were preincubated for 1 h at 4 �C with 0-500 μM anion exchanger inhibitor H2DIDS. After
H2DIDS preincubation, samples were combined with 50 μL of SITS-Affi-Gel resin and further incubated for 15 min at 4 �C. Parallel samples were also
set aside as untreated controls (total). The samples were centrifuged, and the supernatant was recovered. As a nonspecific binding control, lysates ofWT
SLC4A11 containing the denaturing detergent lithium dodecyl sulfate (LDS) were subjected to the same treatment. (A) SLC4A11 and AE1 were
detected in the supernatant fractions on immunoblots using anti-HA and IVF12 monoclonal antibodies, respectively. (B) The amount of mature HA-
SLC4A11 (upper band) or AE1 that did not bind SITS-Affi-Gel was determined by densitometry and expressed as percentage of untreated (total). (C)
The H2DIDS concentration that reduces to one-half of the protein bound to SITS-Affi-Gel resin (half-maximal effective concentration) was calculated
from (B). Error bars represent standard error (n g 3). The asterisk indicates significant difference (p < 0.05).
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R755W mutants were significantly lower (6 ( 2 and 4 ( 3 μM,
respectively) compared to WT SLC4A11. Less than 50% of
R755W SLC4A11 could be prevented from binding SITS-Affi-
Gel by preincubation with H2DIDS (Figure 5B). The R125H
mutation appears less severe, as the mutant protein cannot be
differentiated from WT SLC4A11 in the SITS-Affi-Gel binding
assay. We therefore detected two changes that occur in some
SLC4A11 mutants: an increase of affinity for H2DIDS, but a
fraction of protein is incompetent to interact with the compound
(in the case of R755W). The assay described here can be used to
assess the severity of SLC4A11 misfolding.
Rescue of Processing Defects by Low Temperature. Char-

acterized disease-causingmutants of SLC4A11 cause retention of
the protein in the endoplasmic reticulum.5,6,34 Approaches to
release ER-retained proteins to the cell surface are being in-
vestigated as a potential therapeutic, for example, as directed
toward the CFTR protein that causes cystic fibrosis.35,36 Such
approaches will only be useful if the ER-retained protein is
sufficiently well folded that it retains function once directed to
the cell surface. The SITS-Affi-Gel approach described above
presents a method to differentiate grossly misfolded mutants,
which are not targets for therapeutic rescue by movement to the
cell surface, from mildly misfolded mutants, which are.
To assess whether some disease-causing SLC4A11 mutants

could be released from the ER and targeted to the plasma

membrane, we explored the effect of low temperature cell culture
on cell surface localization. WT and CHED2 mutant SLC4A11
were transfected into HEK 293 cells, and the cells were cultured
at either normal 37 �C or 30 �C, the permissive temperature for
many ER-retainedmembrane proteinmutants.Maturation to the
plasma membrane form was assessed by quantifying the abun-
dance of the high molecular mass upper band of SLC4A11
(Figure 6), previously identified as corresponding to mature,
plasma membrane protein.6 In some mutants the lower band
resolved into two (e.g., C386R, Figure 6A), which were pre-
viously attributed to core glycosylated (upper band) and non-
glycosylated (lower band) forms, neither of which is competent
for processing to the cell surface.6 Growth at 30 �C slightly
reduced the accumulation of mature WT SLC4All, possibly
because protein synthesis and other cellular functions are re-
duced at 30 �C. Themutants divided into two classes on the basis
of the effect of lowering the temperature of growth: mutants with
significant increase in abundance of mature SLC4A11 (A269V,
C386R) and mutants without significant increase of protein
maturation (all of the other mutants studied).

’DISCUSSION

Mutations in the SLC4A11 gene have been identified in indivi-
duals with CHED2, perceptive deafness (Harboyan syndrome),

Figure 5. Binding of disease-causing SLC4A11 mutants to SITS-Affi-Gel. Lysates from HEK 293 cells, transiently transfected with cDNA encoding
N-terminally HA-tagged WT or SLC4A11 disease-causing mutants, were preincubated for 1 h at 4 �C with 0-500 μM anion exchanger inhibitor 4,40-
diisothiocyanodihydrostilbene-2,20-disulfonic acid (H2DIDS). After H2DIDS preincubation, samples were combined with 50 μL of SITS-Affi-Gel resin
and further incubated for 15 min at 4 �C. The samples were centrifuged, and the supernatant was recovered. (A) SLC4A11 was detected in the
supernatant fractions on immunoblots using anti-HA antibody. (B) The amount of SLC4A11 in each sample was determined by densitometry and
expressed as a percent of the total amount of SLC4A11 incubated with the resin. (C) The H2DIDS concentration that reduces half of the protein bound
to SITS-Affi-Gel resin (half-maximal effective concentration) was calculated. Error bars represent standard error (n g 3). The asterisk indicates
significant difference (p < 0.05) compared to mature WT SLC4A11.
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and late-onset FECD.5-7,12,14 Biochemical evidence is required
to rationalize the identified disease-causing mutations of
SLC4A11.5,6,11,14,37-42 Hydropathy analysis, limited proteolysis,
and immunofluorescent localization of epitopes provided support
for a topology model for the SLC4A11 membrane domain,
suggesting a fold similar to AE1. While limited proteolysis was
unable to differentiate the severity of folding defects in SLC4A11
mutants, interaction of SLC4A11 with immobilized inhibitor will
provide a diagnostic tool. The central defect in diseased SLC4A11
proteins is retention of the protein in the ER, preventing normal
function at the cell surface. The ability to rescue SLC4A11 localiza-
tion to the plasma membrane partially by cell growth at reduced
temperature suggests that it may be possible to treat CHED2,
FECD, and HS using pharmacological approaches.
SLC4A11 Membrane Domain Structure. This is the first

study to examine the structure of SLC4A11. SLC4A11 has only
19% amino acid identity with SLC4A1 overall, or 24% in the
membrane domains, so SLC4A11 is not strongly related to the
other SLC4 proteins8,9 (Supporting Information Figure 1).
Thus, there is a need to ascertain SLC4A11 structure biochemi-
cally. SLC4A1 (AE1) has undergone significant biochemical
analysis, allowing a detailed topology model for the protein to
be developed.26,43-46 Hydropathy analysis suggested a similar
folding pattern for SLC4A11 and AE1 with three domains: a
cytosolic N-terminal domain spanning residues 1-374, a mem-
brane domain containing residues 375-873 that is organized as
14 transmembrane segments, and a short cytosolic C-terminal
domain, encompassing residues 874-891. Confocal microscopy
supports the cytosolic orientation of both N- and C-terminal
domains proposed in the SLC4A11 topology model. Cytosolic
orientation for the N-terminus to Lys 368 sequence was also
supported by the absence of a cleavage site at Lys 368 except
under permeabilized conditions.
In comparison to current models for AE1 two significant

features have not been included in the SLC4A11 topology model

(Figure 1). The first is a reentrant loop between TM 9 and TM
10,47 which corresponds to Ala 721-Asn 750 of SLC4A11. The
region between TM 9 and TM 10 is of similar size in the AE1 and
SLC4A11 models (26 and 29 residues, respectively), but there is
only weak sequence conservation between the proteins in this
region. Second, in AE1 there is region before the last two TMs
that has confusing topology on the basis of substituted cysteine
accessibility experiments. The region may have an extended
structure and may be conformationally dynamic.26,46 Since there
are no biochemical data to support a reentrant loop or an
extended structure in SLC4A11, we have not included these
elements in the current model (Figure 1).
SLC4A11 structure was further revealed by limited proteoly-

sis. Four sites were identified as extracellular on the basis of their
susceptibility to digestion in intact cells: Lys 409, Lys 516, Lys
529, and Arg 637. All of these sites are consistent with an external
localization in the topology model presented as Figure 1. The
SLC4A11 extracellular region has greater accessibility to trypsin
digestion than AE1, since AE1 has only one external proteolytic
site48 in EC 3, a region where we identified two trypsin sites. In
AE1 no trypsin site has been identified in EC1, where we found
cleavage at Lys 409.We note that EC1 appears larger inmodels of
SLC4A11 (Figure 1) than for AE147, and a larger loop would be
more accessible to cleavage. The cleavage site at Arg 637 in EC4
corresponds to the loop that is glycosylated in AE1. In AE1 the
loop is clearly aqueous accessible, since it is glycosylated and
forms the Warrior blood group antigen,49 yet no proteolytic sites
have been reported there. Identification of proteolysis at Arg 637
confirms that EC4 has a sufficiently open conformation as to
allow access to trypsin, aligning the structure of this region with
that of AE1 EC4.
Structure of the N-Terminal Cytoplasmic Domain. The

SLC4A11 N-terminal cytoplasmic domain is defined by hydro-
pathy analysis as ending at Lys 374, while proteolytic accessibility
at Lys 368 is consistent with the domain stretching at least to that

Figure 6. Rescue of SLC4A11 mutants by low temperature incubation. HEK 293 cells were transfected with cDNA corresponding toWT SLC4A11 or
CHED2mutants, as indicated. Cells were cultured for 2 days at either 30 or 37 �C, as indicated. (A) Cell lysates were subjected to immunoblotting using
anti-HAmonoclonal antibody. (B) The amount of the mature glycosylated, upper immunoreactive band was quantified relative to the abundance ofWT
SLC4A11 grown at 37 �C. Error bars represent standard error (ng 3). The asterisk indicates significant difference (p < 0.05) between cells grown at 37
and 30 �C.
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point. The role of the 374 amino acid (41 kDa) N-terminal
cytoplasmic domain of SLC4A11 is unknown.While the similarly
sized cytoplasmic domain of erythrocyte AE1 has well-estab-
lished interactions with the cytoskeleton,8 the cytoskeletal bind-
ing role of the AE2 and AE3 cytoplasmic domains remains
unknown. The SLC4A11 cytoplasmic domain has no sequence
similarity to any other protein, thus leaving the domain’s function
obscure. We note that in NBCe1 (SLC4A4), a sodium/bicarbo-
nate cotransporter related to SLC4A11, the cytoplasmic domain
has been proposed on the basis of molecular modeling to form a
“tunnel” leading substrate to the transport site in the membrane
domain.50 Some disease-causing point mutations of the cyto-
plasmic domain could affect the ion channeling function and thus
cause disease, but most disease alleles cause intracellular reten-
tion of the mutant protein.
Limited proteolysis does provide some insight into the

structure of the cytoplasmic domain. Within the first 374 amino
acids of SLC4A11 are 27 Arg and 20 Lys residues that could be
trypsin sites. Like AE1 cytoplasmic domain,51 SLC4A11 cyto-
plasmic domain can be cleaved readily at a site close to the
membrane, consistent with an independently folding domain
and an open structure as the cytoplasmic andmembrane domains
meet. The high abundance of the fragment arising from cleavage
at Lys 368 suggests that the whole cytoplasmic domain folds as a
compact structure. Three additional fragments within the cyto-
plasmic domain were weakly observed only in detergent lysates.
These fragments, whose position could not be accurately as-
signed, support the notion that the domain’s structure needs to
be “loosened” in order to access these sites. The picture then is of
a compact cytoplasmic domain with weakly accessible surface
sites.
Location of Disease-Causing Mutations in the SLC4A11

Structure. The topology model presented here (Figure 1) helps
to provide a structural basis for the disease alleles of SLC4A11.
Many SLC4A11 disease alleles arise from profound mutations,
truncation, frame-shift, or splice site mutations that can readily be
seen to affect function by drastically compromising the
protein.4-6,11,12,34,37,39,41,42 Yet many disease alleles are point
mutations, representing sites in the protein important either to
protein function directly or whose mutations cause misfolding
and ER retention. These mutations are predominantly found in
the transmembrane region (Figure 1), where they are likely
involved in ion permeation, or are in regions of protein-protein
interaction, where mutation alters protein folding. The surprising
clustering of five glycine mutations in the transmembrane region
suggests that these are in positions of close protein-protein
packing, where there is little tolerance for introduction of bulkier
residues. Interestingly, seven mutations are in extramembra-
neous loops, where they may form a vestibule to conduct ions
to the translocation pore. Consistent with this, in NBCe1
(SLC4A4) alterations of EC4 change ion coupling stoichiometry
of the transporter.52 Alternatively, these sites may be required to
initiate transmembrane helix formation. Since FECD is a late-
onset disorder, as opposed to CHED2 and Harboyan that are
present at birth, FECD mutations might be considered less
severe. In line with this, most of the FECDmutations are outside
the plane of the lipid bilayer, where they are unlikely to be in
tightly packed protein structures or to be involved in ion
conduction.
Eight disease-causing point mutations map to the cytoplasmic

domain (Figure 1). These cluster in the center of the domain
with no reported mutations in the first 124 or last 92 amino acids

of the domain. These regions may either be less important in the
folding of the domain or be less important to the function of
SLC4A11.
Effects of Mutations on SLC4A11 Protein. Stilbenedisulfo-

nates inhibit the anion transport activity of SLC4 family
members.9,25,31,53 In AE1, the most studied member of the
electroneutral anion exchangers, H2DIDS covalently reacts with
amino acids Lys 539 in TM 5 and Lys 851 at the end of TM 12.54

H2DIDS-reactive residue Lys 539 is conserved in all SLC4 family
members.25,53 In this work we show that SLC4A11 can also bind
H2DIDS with 20 times higher apparent half-maximal H2DIDS
effective concentration than AE1. In AE1 the H2DIDS-reactive
residue Lys 539 is contained in the motif KXXKIF, spanning
residues 539 to 544.26,54 Interestingly, SLC4A11 contains a
similar KXXXKIF motif, spanning residues 508 to 514, that are
also predicted to be at the end of TM 5. H2DIDS is a bifunctional
inhibitor, with two reactive isothiocyanate groups at each end of
the molecule. In AE1, H2DIDS covalently reacts with Lys 539
and with Lys 851 located at the end of TM 12.54 The latter site is
not conserved in SLC4A11, but we note that SLC4A11 Lys 855
localizes to the exofacial interface at TM14 in the topology model
(Figure 1). While the conservation of the H2DIDS-reactive Lys
residues in SLC4A11 is interesting, we can only speculate about
their involvement in stilbenedisulfonate interactions. Experi-
ments beyond the scope of this paper will be required to fully
confirm Lys 508 and Lys 855 as the H2DIDS-reactive residues in
SLC4A11. The evidence presented in this work, however,
strongly suggests that this is the case.
The interaction of SLC4A11 with stilbenedisulfonates indi-

cates that this class of compounds may be effective functional
inhibitors and therefore valuable tools to characterize the func-
tional activity of this protein. The anticipated inhibition of
SLC4A11 activity by stilbenedisulfonates may prove especially
useful in determining the functional role of SLC4A11 in light of
our failure to replicate the report 10 that it functions as a borate
transporter (submitted for publication). One previous paper
found that SLC4A11 acts as a boron transporter that could not
be inhibited by 500 μM DIDS.10 The observation that H2DIDS
inhibited binding to SITS-Affi-Gel with an EC50 about 20 μM
and the ability of SLC4A11 to bind to immobilized stilbenedi-
sulfonate suggest that SLC4A11 transport activity will be sensi-
tive to inhibition by stilbenedisulfonates.
Virtually all disease-causing SLC4A11 mutants are partially or

completely retained intracellularly.4-6 Intracellular-retained mu-
tant membrane proteins may be partially functional, as seen for
example in the ΔF508 allele of the cystic fibrosis gene, CFTR.55

The rescue of retained but functional SLC4A11 mutants, for
example, using small molecule folding correctors,35 could be a
viable therapeutic strategy for diseased individuals. The SITS-
Affi-Gel binding assay holds the promise to differentiate grossly
misfolded mutants (with capacity to bind H2DIDS, as seen for
R755W) from those with a moderate folding defect, whose
interactions with H2DIDS and SITS-Affi-Gel approximate those
of WT SLC4A11 (e.g., R125H). Our results indicate that this
method could be used to test the folding state of the entire set of
disease-causing mutations, in order to identify those whose
folding defect is possibly amenable to folding correction.
Therapeutic Implications. We used low temperature

(30 �C) growth to determine whether misfolded, ER-retained
SLC4A11 mutants could be released to the plasma membrane.
The results were mixed, since only a fraction of SLC4A11
mutants were able to traffic to the plasma membrane. It may
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be that grossly misfolded proteins cannot be released from the
ER. Consistent with this interpretation, SLC4A11-R755W did
not increase in its maturation when grown at 30 �C and low
capacity to interact with H2DIDS, together consistent with
profound misfolding. In contrast, SLC4A11-A269V, which had
WT-like interactions with H2DIDS and SITS-Affi-Gel, showed a
significant increase in protein maturation with low temperature,
again suggesting that the H2DIDS/SITS-Affi-Gel assay reflects
severity of protein dysfunction and the ability for rescue. On the
other hand, small molecule chemical chaperones might be more
effective than low temperature in rescuing ER-retained SLC4A11
to the plasma membrane.
Do these data suggest that it might be possible to rescue

SLC4A11 from the ER as a treatment for corneal dystrophies
associated with SLC4A11? At maximum, SLC4A11-A269V was
induced to mature to about 70% of wild-type levels. Since
CHED2 is recessive, it suggests that 50% of wild-type levels of
SLC4A11 suffice to prevent onset of corneal disease. If SLC4A11-
A269V retains near wild-type levels of function, then maturation
to 70% of WT levels should prevent disease, but it is not known
how much function SLC4A11-A269V retains. There might be
some hope for thermal rescue of SLC4A11 in patients. Interest-
ingly, the cornea temperature, 34 �C,56 is significantly lower than
core body temperature, due to its location at the outer eye surface
and lack of vascularization. A further reduction of 4 �C in corneal
temperature, for example, with cooling eye packs during sleep,
might drop corneal temperature enough to allow enough
SLC4A11 maturation to limit symptom severity. More sobering
is the result that only two of nine SLC4A11 mutants examined
had significant increase in maturation when grown at 30 �C. Our
data leave open the possibility that small molecule chaperones,
administered as eye drops, could rescue the ER-retained
SLC4A11.

’CONCLUSIONS

We are at the early stages of discovering how defects in
SLC4A11 give rise to distinct corneal dystrophies. In this report
we have developed a folding model for SLC4A11, on the basis of
hydropathy, sequence homology, and trypsinization, which
allows disease-causing mutations to be placed in the context of
membrane domain or cytoplasmic domain. Understanding the
location of mutations in the context of SLC4A11 tertiary struc-
ture enables the formulation of hypotheses surrounding how
mutations give rise to corneal disease. The SITS-Affi-Gel binding
assay presents a method to differentiate grossly misfolded from
mildly misfolded mutants of SLC4A11, identifying those that
might be amenable to treatment by rescue from the ER. Sup-
porting this, we found that a grossly misfolded mutant, identified
by the SITS-Affi-Gel binding assay, could not be rescued by cell
growth at 30 �C, but a mutant with a less severe folding defect
was partially rescued at 30 �C. Together, this work begins to
provide a framework to understand SLC4A11 disease alleles.
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