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The thiazide-sensitive NaCl cotransporter (NCC) is re-
sponsible for the reabsorption of 5% of the filtered load
of NaCl in the kidney. Mutations in NCC cause Gitelman
syndrome. To gain insight into its regulation, detailed
information on the structural composition of its func-
tional unit is essential. Western blot analysis of total
membranes of Xenopus laevis oocytes heterologously ex-
pressing FLAG-tagged NCC revealed the presence of
both complex- (140-kDa) and core (100-kDa)-glycosy-
lated monomers and a broad band of high molecular
mass (250–350-kDa) complexes. Chemical cross-linking
with dithiobispropionimidate eliminated the low molec-
ular weight bands and increased the intensity of the
high molecular weight bands, indicating that NCC is
present in multimeric complexes. Co-expression of HA-
and FLAG-tagged NCC followed by co-immunoprecipita-
tion demonstrated that these multimers contained at
least two complex-glycosylated NCC proteins. The di-
meric nature of the multimers was further substanti-
ated by sucrose gradient centrifugation yielding a peak
of �310 kDa. A concatameric construct of two NCC
polyproteins exhibited significant 22Na� uptake, indi-
cating that the transporter is functional as a ho-
modimer. A concatamer of partially retarded G980R-
and wild type (wt)-NCC displayed normal Na� trans-
port. This demonstrates that G980R-NCC, provided that
it reaches the surface, is fully active and that wt-NCC is
dominant in its association with this mutant. Conversely
a concatamer of fully retarded G741R- and wt-NCC did
not reach the cell surface, showing that wt-NCC is reces-
sive in its association with this mutant. Oocytes co-ex-
pressing G741R- and wt-NCC did not show G741R staining
at the plasma membrane, whereas Na� transport was nor-
mal, indicating that wt-NCC dimerizes preferentially with
itself. The results are discussed in relation to the reces-
sive nature of NCC mutants in Gitelman syndrome.

The thiazide-sensitive Na�-Cl� cotransporter (NCC)1 is
mainly expressed in the distal convoluted tubule of the kidney.

The protein is located on the apical membrane of epithelial cells
lining this part of the renal tubule and is responsible for the
reabsorption of �5% of the filtered NaCl load. NCC represents
the main target of the diuretic thiazide that is frequently
administered to patients suffering from hypertension (1). The
cotransporter belongs to a gene family called the electroneutral
cation-chloride cotransporters, encompassing the NCC (2, 3),
two Na�-K�-2Cl� cotransporters (NKCC1 and NKCC2) (4, 5),
and at least four K�-Cl� cotransporters (KCC1–4) (6–10).
Genes encoding these transmembrane proteins are highly ho-
mologous and share a common predicted membrane topology of
12 transmembrane domains with both N and C termini located
in the cytoplasm (11).

Several studies indicated that members of the electroneutral
cation-chloride cotransporter family could form oligomeric
structures. Truncation studies performed in Xenopus laevis
oocytes revealed that both N and C termini are required for
KCl cotransport activity of the KCC1. Truncation of the first
117 amino acids of the N terminus of this cotransporter was
shown to result in a dominant negative phenotype following
co-injection with wild type KCC1 (12). Co-immunoprecipitation
confirmed that truncated and wild type KCC1 formed multim-
ers (12). In addition to KCC, NKCC1 was also suggested to
exhibit a homodimeric structure. This conclusion was based on
cross-linking experiments using plasma membranes isolated
from rat parotid gland (13). Using the same approach, NCC
was suggested to form high molecular weight complexes in rat
renal membranes (14). However, the exact structural composi-
tion of these complexes was not determined.

Mutations in NCC have been implicated in the autosomal
recessive renal tubular disorder Gitelman syndrome (GS,
OMIM (Online Mendelian Inheritance in Man) 263800). The
syndrome is characterized by hypokalemic metabolic alkalosis,
hypomagnesemia, and hypocalciuria (15). In a previous study
using X. laevis oocytes to assess the functional implications of
mutations associated with this disorder, we identified two
classes of GS mutants (16). Class I mutants exhibited no sig-
nificant metolazone-sensitive 22Na� uptake and a diffuse im-
munopositive staining just below the plasma membrane. Class
II mutants showed a marked metolazone-sensitive 22Na� up-
take, which was, however, significantly lower than that ob-
tained with the wild type transporter. Accordingly these mu-
tants were detected both at and below the plasma membrane.
Mutant NCCs were expressed in the absence of wild type NCC.
Thus far, however, it is unknown whether mutant forms of
NCC can interact with wild type NCC and, if so, whether such
complexes are directed to the plasma membrane and what
their transport activity will be. In this study, we analyzed
representatives of class I (G741R) and class II (G980R) in more
detail.
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In about 40% of the GS patients only one affected allele was
detected, which is not consistent with the recessive mode of
inheritance of the disorder (3, 17, 18). There are several expla-
nations for this finding (18). First, in the mutation detection
strategy applied, PCR-single strand conformation polymor-
phism, it is known that mutations can be missed. Second,
mutations may be present in non-coding regions such as pro-
moter or enhancer segments, intron sequences, or 5� and 3�
non-coding regions, which have not yet been screened. Third,
detection analysis based on individual exons will not identify
large heterozygous deletions. On the other hand, it cannot be
excluded that these patients do express the normal protein,
which is then, however, inactivated in one way or another by
the mutant protein.

The aim of this study was to establish the structural compo-
sition of the functional NCC and to investigate whether mutant
and wild type NCCs can form (in)active complexes.

MATERIALS AND METHODS

Expression and Transcription Constructs—The generation of the ex-
pression constructs pT7Ts-Flag-NCC, pT7Ts-Flag-G741R, and pT7Ts-
Flag-G980R has been described in detail previously (16). For co-immu-
noprecipitation experiments, DNA encoding the HA epitope was cloned
at the 5� site of wild type cDNA. The pT7Ts-HA-NCC construct was
generated as described previously (16). In brief, HA tagged-NCC frag-
ments were amplified with Pfu polymerase (Stratagene, La Jolla, CA) in
a PCR using pT7Ts-NCC as a template. The primers were 5�-cgcggatc-
ccaggcgacaatggcatacccatacgacgtgccagactacgcagaactgcccacaacagagac-
g-3� (forward primer) and 5�-ctcctggagcaggtcccg-3� (reverse primer).
The constructs were linearized with EcoRI, and g-capped cRNA tran-
scripts were synthesized in vitro using T7 RNA polymerase. Copy RNA
was purified and dissolved in RNase-free water. Integrity was con-
firmed by agarose gel electrophoresis, and concentrations were deter-
mined spectrophotometrically.

Isolation and Injection of Xenopus Oocytes—Oocytes were isolated
from X. laevis and defolliculated by treatment with 2 mg/ml collagenase
A for 2 h at room temperature. Stage V and VI oocytes were resus-
pended in modified Barth’s solution containing 10 mM HEPES/Tris (pH
7.5), 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.8 mM MgSO4, 0.3 mM

Ca(NO3)2, and 0.4 mM CaCl2 supplemented with 45 �g/ml gentamycin
and stored at 18 °C until use. Oocytes were (co-)injected with 2.5, 5, or
10 ng of cRNA of wild type NCC (HA-wt or Flag-wt) and 10 ng of cRNA
of mutant NCC (Flag-G741R or Flag-G980R) and analyzed 2 days after
injection.

Isolation of Total Membranes—For isolation of total membranes
(plasma and subcellular membranes), 50 oocytes were homogenized in
1 ml of homogenization buffer containing 20 mM Tris/HCl (pH 7.4), 5
mM MgCl2, 5 mM NaH2PO4, 1 mM EDTA, 80 mM sucrose, 1 mM phen-
ylmethylsulfonyl fluoride (PMSF), 5 �g/ml leupeptin, and 5 �g/ml pep-
statin A and centrifuged two times for 10 min at 3000 � g and 4 °C to
remove yolk proteins. Subsequently membranes were isolated by a
30-min centrifugation at 14,000 � g and 4 °C.

Cross-linking of Proteins—Membranes of 15 oocytes were dissolved
in 50 �l of solubilization buffer (SB) containing 20 mM Tris/HCl (pH
8.0), 0.5% (w/v) sodium deoxycholate, 5 mM EDTA, 10% (v/v) glycerol, 1
mM PMSF, 5 �g/ml leupeptin, and 5�g/ml pepstatin A for 1 h at 37 °C
and centrifuged at 16,000 � g for 1 h at 4 °C to remove undissolved
membranes. Membrane samples were treated with the cross-linking
agent dimethyl-3,3�-dithiobispropionimidate (DTBP) (2 mM) for 30 min
at room temperature following the manufacturer’s protocol. Next sam-
ples were incubated in Laemmli buffer in the absence or presence (to
break cross-links) of 10% (w/v) dithiothreitol and subjected to immuno-
blotting. DTBP covalently links proteins at distances comparable to its
spacer arm length (11.9 Å), thereby yielding higher molecular weight
complex.

Immunoprecipitation—Membranes of 15 oocytes co-expressing Flag-
wt and HA-wt, Flag-G741R, or Flag-G980R were dissolved in 50 �l of
SB for 1 h at 37 °C and centrifuged at 16,000 � g for 1 h at 4 °C to
remove undissolved membranes as described previously (19). 20 �l eq of
protein A beads (Amersham Biosciences) were preincubated for 16 h at
4 °C with 2 �l of mouse anti-HA (Sigma) in IPP500 containing 10 mM

Tris/HCl (pH 8.0), 500 mM NaCl, 0.1% (v/v) Nonidet P-40, 0.1% (v/v)
Tween 20, 1 mM PMSF, 5 �g/ml leupeptin, 5 �g/ml pepstatin A, and
0.1% (w/v) bovine serum albumin. The solubilized membranes were
diluted with 600 �l of sucrose buffer containing 20 mM Tris/HCl (pH

8.0), 100 mM NaCl, 5 mM EDTA, 0.1% (v/v) Triton X-100, 10% (w/v)
sucrose, 1 mM PMSF, 5 �g/ml leupeptin, and 5 �g/ml pepstatin A. Next
antibody-bound protein A beads were washed three times with IPP100
containing 10 mM Tris/HCl (pH 8.0), 100 mM NaCl, 0.1% (v/v) Nonidet
P-40, 0.1% (v/v) Tween 20, 1 mM PMSF, 5 �g/ml leupeptin, and 5 �g/ml
pepstatin A and incubated with solubilized membranes for 4–16 h at
4 °C. After three washes with IPP100, the beads were dissolved in 25 �l
of Laemmli buffer, incubated for 1 h at 37 °C, and subjected to
immunoblotting.

Sucrose Gradient Centrifugation—Membranes of oocytes expressing
Flag-wt were dissolved in SB for 1 h at 37 °C and centrifuged at
100,000 � g for 1 h at 4 °C to remove undissolved membranes. Solutions
were prepared of 15, 20, 25, 30, and 35% (w/v) sucrose in 533 �l of
gradient buffer containing 20 mM Tris/HCl (pH 8.0), 5 mM EDTA, 0.1%
(v/v) Triton X-100, 1 mM PMSF, 5 �g/ml leupeptin, and 5 �g/ml pep-
statin A. Samples (300 �l) of total membrane proteins in SB were
loaded on the gradient followed by centrifugation at 150,000 � g for 16 h
at 8 °C. Then 200-�l fractions, designated A–R, were carefully collected
and analyzed by immunoblotting. Sedimentation markers were yeast
alcohol dehydrogenase (150 kDa), �-amylase (200 kDa), catalase (232
kDa), and apoferritin (443 kDa) (Sigma).

Expression of Concatameric cDNA Constructs—Concatameric con-
structs were obtained by linking the coding sequences of two NCC
subunits in a head-to-tail fashion. To this end, two different NCC
constructs were generated. The first construct was obtained by site-
directed mutagenesis to remove the stop codon of the Flag-wt construct
and introducing a unique EcoRV restriction site (Stratagene). The sec-
ond construct was obtained by inserting a linker of 8 glutamines (20),
acting as an intersubunit bridge, in front of the 5� ATG of pT7Ts-NCC.
In brief, the N-terminal linker-NCC fragment containing a 5� BamHI
and EcoRV restriction site was amplified with Pfu polymerase in a PCR
using pT7Ts-NCC as a template followed by cloning into pT7Ts-NCC,
pT7Ts-Flag-G741R or pT7Ts-Flag-G980R. Primers used were 5�-tgga-
ctagtcagatatctgctgctgctgctgctgctgctgctggcagtaaaaggtgagcacgtt-3� (for-
ward primer) and 5�-ctcctggagcaggtcccg-3� (reverse primer). Con-
catameric constructs were obtained by digestion of the second construct
with EcoRV and SpeI and insertion of the product into the first con-
struct digested with the same enzymes. All cDNA constructs were
verified by sequence analysis. Constructs were linearized with EcoRI to
produce cRNA.

Immunoblotting—Protein samples were denatured by incubation for
30 min at 37 °C in Laemmli buffer containing 50 mM Tris/HCl (pH 6.8),
2% (w/v) SDS, 12% (v/v) glycerol, 0.01% (w/v) bromphenol blue, and 25
mM dithiothreitol, subjected to electrophoresis on a 6% (w/v) SDS-
polyacrylamide gel, and immunoblotted onto polyvinylidene difluoride
membranes (Millipore Corp., Bedford, MA) according to standard pro-
cedures. Blots were incubated with either mouse anti-FLAG or mouse
anti-HA (both from Sigma) at dilutions of 1:8000 and 1:4000 in TBS-T
containing 20 mM Tris/HCl (pH 7.6), 137 mM NaCl, 0.1% (v/v) Tween 20,
and 5% (w/v) or 1% (w/v) nonfat dried milk, respectively. Subsequently
blots were incubated with sheep horseradish peroxidase-conjugated
anti-mouse IgG (Sigma) at a dilution of 1:2000. In the case of co-
immunoprecipitation experiments, the immunoblots were probed with
peroxidase-coupled anti-FLAG antibody (Sigma) at a dilution of 1:5000.
NCC proteins were visualized using enhanced chemiluminescence
(Pierce).

Immunocytochemistry—Immunocytochemistry was performed as de-
scribed previously (16).

22Na� Uptake Assay—Oocytes were transferred to a Cl�-free me-
dium containing 5 mM HEPES/Tris (pH 7.5), 96 mM sodium gluconate,
2 mM potassium gluconate, 1.8 mM calcium gluconate, 1 mM Mg(NO3)2,
2.5 mM sodium pyruvate, and 5 mg/dl gentamycin 24 h prior to the
uptake assay (2). Fifteen to 20 Cl�-depleted oocytes were transferred to
500 �l of uptake medium containing 5 mM HEPES/Tris (pH 7.5), 58 mM

N-methyl-D-glucosamine HCl, 38 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1
mM MgCl2, 0.5 mM ouabain, 100 �M amiloride, 100 �M bumetanide, and
1 �Ci/ml 22Na� and incubated for 2 h at room temperature in the
absence or presence of 100 �M hydrochlorothiazide. Ouabain was added
to prevent Na� exit via the Na�-K�-ATPase, bumetanide was added to
inhibit the Na�-K�-2Cl� cotransporter, and amiloride was added to
block the Na�-H� antiporter and Na� channels. Hydrochlorothiazide
was added to inhibit NCC. After 120 min, the uptake reaction was
stopped by washing the oocytes five times in ice-cold uptake medium.
Each oocyte was solubilized in 200 �l of 10% (w/v) SDS, and radioac-
tivity was counted in a liquid scintillation counter.

Dimeric Structure of NaCl Cotransporter 24303
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RESULTS

Interaction between Subunits of NCC—First we investigated
whether NCC proteins can form oligomeric structures. Fig. 1
shows an immunoblot loaded with total oocytes membranes
treated with the chemical cross-linking agent DTBP. Impor-
tantly the complex- (140-kDa) and core (100-kDa)-glycosylated
NCC monomers disappeared as a result of the treatment with
DTBP, whereas the intensity of a broad band of high molecular
mass complexes (250–350 kDa) increased (compare lanes 1 and
2). This indicates that the high molecular weight complexes
observed in the absence of DTBP (lane 1) represent NCC mul-
timers. Cross-linking with DTBP is reversible with dithiothre-
itol, and Fig. 1 shows that addition of this latter agent indeed
resulted in reappearance of the NCC monomer (lane 3). The
conclusion that NCC forms multimers was substantiated in an
immunoprecipitation experiment using oocytes co-expressing
HA- and Flag-NCC. The specificity of the applied antibodies is
demonstrated in Fig. 2A. Fig. 2B (lane 3) shows that Flag-NCC
readily co-immunoprecipitated with HA-coupled beads. The
molecular mass of the observed band is 130–150 kDa, which is
in agreement with its complex glycosylation (16, 21). Lane 2
shows that no signal is obtained in the absence of HA-NCC.
Previously we showed that Flag-NCC is fully functional in the
oocyte expression system (16). The functionality of HA-NCC
was confirmed in a 22Na� uptake experiment in this study
(data not shown).

NCC Forms Homodimers—Because the above-mentioned ex-
periments suggested that NCC forms oligomeric structures, we
subsequently estimated the size of the complexes. To this end,
membranes were isolated from oocytes expressing Flag-NCC,
solubilized in 0.5% (w/v) sodium deoxycholate, and subjected to
sucrose gradient centrifugation. Analysis of the immunoblot of
18 fractions (A–R) collected from the gradient revealed that the
peak intensity of NCC was present in fraction J (Fig. 3A). The
sedimentation marker proteins (i.e. phosphorylase B, alcohol
dehydrogenase, catalase, and apoferritin) that were loaded on a
parallel sucrose gradient peaked in fractions F, H, I, and K-L,
respectively (Fig. 3, arrows). A logarithmic plot of the molecu-
lar mass of the marker proteins as a function of the fraction of
the gradient showed that NCC migrates as a complex with a
molecular mass of about 310 kDa suggesting that NCC forms a
dimeric complex. Sucrose gradient centrifugation in the pres-
ence of 0.1% (w/v) SDS revealed the monomeric NCC complex
of 150 kDa (Fig. 3B).

Concatameric NCC Exhibits Thiazide-sensitive 22Na� Up-
take—To investigate whether NCC is functional as a dimer we
generated a concatameric NCC in which two NCC subunits are
present in a head-to-tail fashion. Oocytes expressing con-
catameric NCC displayed a thiazide-sensitive 22Na� uptake
similar to that observed in oocytes expressing wild type NCC
(Fig. 4A). Immunoblotting of total lysates of these oocytes
showed a band of �240 kDa confirming the expression of the
concatamer (Fig. 4B, lane 3).

Wild Type NCC Co-immunoprecipitates with GS Mutant
NCC—Mutations in NCC cause the recessive disease GS. Pre-
viously we demonstrated the existence of two different sorting
mechanisms for mutant NCC expressed in oocytes (16). The
role of dimerization in this differential sorting was investigated
in the present study using the fully retarded G741R-NCC (class
I) and the partially retarded G980R-NCC (class II). Western
blot analysis of total membrane of oocytes co-expressing HA-
tagged wild type NCC (HA-wt) and either FLAG-tagged wild
type NCC (Flag-wt), G741R-NCC (Flag-G741R), or G980R-
NCC (Flag-G980R) revealed a clear expression of the proteins
(Fig. 5, A and B). The wt- and G980R-NCC were present in both
the complex- (130–150-kDa) and high mannose (100-kDa)-gly-
cosylated form, whereas the G741R mutant was only present in
the high mannose-glycosylated form. Fig. 5C shows that both
Flag-G980R and Flag-G741R co-immunoprecipitated with
HA-wt. Despite the abundance of the high mannose-glycosy-
lated wt-NCC (Fig. 5, A and B, lane 2) only complex-glycosy-
lated wt-NCC co-immunoprecipitated, indicating that dimeric
wt-NCC is complex-glycosylated. Conversely Flag-G741R co-
immunoprecipitated with HA-wt only in the high mannose-
glycosylated form, and Flag-G980R co-immunoprecipitated
with HA-wt in both the high mannose- and complex-glycosy-
lated form.

FIG. 1. Chemical cross-linking of NCC. To determine the oligo-
meric structure of NCC, chemical cross-linking by DTBP followed by
Western blotting was carried out. Total membrane lysate of oocytes
expressing Flag-NCC was treated with 2 mM DTBP (lane 2).
Dithiothreitol (DTT) was added to dissociate the cross-linking product
(lane 3).

FIG. 2. Co-immunoprecipitation of NCC subunits. cRNA of HA-
and/or Flag-NCC was (co-)injected in oocytes, and total membrane
lysate was used for immunoprecipitation and subsequent immunoblot
analysis. A, both HA- and Flag-NCC were expressed, and the applied
antibodies did not cross-react. B, co-immunoprecipitation was per-
formed using beads to which anti-HA antibody was bound. The immu-
noblot was probed with the anti-FLAG antibody. Lane 3 shows a specific
band of �140 kDa indicating that Flag-NCC and HA-NCC form com-
plexes. ni, non-injected oocytes.
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Functional Analysis of Concatameric Mutant-Wild Type
NCC—Concatameric constructs consisting of wild type and
mutant NCC were generated to study the functionality and
expression of wild type/mutant dimers. The wt/G741R con-
catamer did not exhibit a significant 22Na� uptake (Fig. 6A). In
contrast concatamer wt/G980R displayed a 22Na� uptake that
was similar to wt/wt concatamer. Immunoblotting of total ly-
sates of these oocytes revealed a specific band with a molecular
weight of 240 kDa (Fig. 6A, inset). The absence of Na� trans-
port in oocytes expressing wt/G741 concatamer suggests
misrouting to the plasma membrane or disturbed activity of the
transporter. To study these possibilities, sections of oocytes
expressing the concatamer were stained with FLAG antibody
to reveal the subcellular localization. The sections depicted in
Fig. 6B show a plasma membrane staining of wild type NCC
(middle panel) that was absent in oocytes expressing the wt/
G741R concatamer (right panel). Oocytes expressing the wt/
G741R concatamer displayed a noticeable intracellular stain-
ing, which indicates that the protein is misrouted and unable to
reach the plasma membrane (right panel).

Co-injection of Wild Type- and G741R-NCC—Because wild
type-NCC and G741R-NCC co-immunoprecipitated and the wt/
G741R concatamer lacked plasma membrane localization and
thus transport activity, we next investigated whether G741R-
NCC has the same effect on wild type function after co-expres-
sion of the monomeric constructs. Fig. 7A shows that 22Na�

uptake increased dose dependently with the amount of wt-NCC
cRNA that was injected and that the half-maximal effect oc-
curred at 2.5 ng of wt-NCC cRNA/oocyte. In addition, co-injec-
tion of 10 ng of G741R-NCC cRNA had no effect on the 22Na�

uptake values obtained with 2.5 and 5 ng of wt-NCC cRNA.

Western blot analysis showed that mutant G741R-NCC had no
effect on the overall expression of wt-NCC (data not shown).
Subsequent immunocytochemistry of oocytes co-expressing wt-
and G741R-NCC revealed that the presence of wt-NCC did not
result in expression of G741R-NCC on the plasma membrane
(Fig. 7B, right panel).

DISCUSSION

The main conclusions of the present study are that (i) the
functional NCC expressed on the cell surface is a complex-
glycosylated homodimeric structure; (ii) wt-NCC preferentially
dimerizes with a wild type subunit when co-expressed with
either of two GS mutants, G741R (G741R-NCC) and G980R
(G980R-NCC); and (iii) dimers consisting of wt-NCC and
G741R-NCC (wt/G741R) or G980R-NCC (wt/G980R) can be
formed but are largely (wt/G980R) or completely (wt/G741R)
prone to degradation by the quality control system of the cell.

The conclusion that the functional NCC is a homodimer is
based upon a series of experiments starting with the finding
that the cross-linker DTBP reversibly promotes the formation
of a high molecular mass complex of �250 kDa followed by
immunoprecipitation results, demonstrating the interaction
between differentially tagged NCC proteins, and sucrose sedi-

FIG. 3. Sucrose gradient centrifuga-
tion of NCC complexes. Membranes of
oocytes expressing Flag-NCC were solubi-
lized in 0.5% (w/v) deoxycholate and sub-
jected to a 15–45% (w/v) sucrose gradient
centrifugation. Fractions were collected
and immunoblotted. The analysis was
performed in the absence (A) or presence
of 1% (w/v) SDS (B). Arrows indicate the
fractions with peak intensities of the
marker proteins alcohol dehydrogenase
(150 kDa), �-amylase (200 kDa), catalase
(232 kDa), and apoferritin (443 kDa).

FIG. 4. Expression and function of wt/wt-NCC concatamer in
oocytes. A, hydrochlorothiazide-sensitive 22Na� uptake in non-injected
oocytes (ni) and oocytes injected with 10 ng of cRNA of NCC incubated
in the absence (wt) and presence of 100 �M hydrochlorothiazide (wt �
hct) or concatameric NCC consisting of two wild type NCC subunits
(wt/wt concatamer) B, corresponding immunoblot of total membranes
isolated from wt- and wt/wt concatamer-expressing oocytes.

FIG. 5. Co-immunoprecipitation of wild type- and mutant-
NCC. Western blot analysis of total membranes of oocytes co-express-
ing HA-wt and either Flag-wt (lane 2), Flag-G741R (lane 3), or Flag-
G980R (lane 4). A and B show that all proteins are readily expressed. C,
which depicts the immunoblot of the co-immunoprecipitated NCC pro-
teins, shows that both mutants are able to form a complex with wild
type NCC. As a control, non-injected (ni) and Flag-wt-expressing oo-
cytes were included. Of note, the bands of �100 and �140 kDa repre-
sent the high mannose- and complex-glycosylated form of NCC, respec-
tively. TM, total membranes; IP, immunoprecipitation; PO, peroxidase.
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mentation centrifugation data showing a peak at �310 kDa
and finally ending with the observation that a concatameric
protein of two wt-NCCs mediates thiazide-sensitive Na� trans-
port. The idea that the functional NCC may consist of a mul-
timeric complex was first suggested by cross-linking experi-
ments in kidney membranes and urine samples of rat showing
a specific band of �250 kDa (14). However, the exact structural
composition of the functional transporter was not determined.
In the present study, we used sucrose sedimentation centrifu-
gation to establish the dimeric nature of the NCC multimer.
We have previously used this technique to elucidate the struc-
ture of the epithelial calcium channels TRPV5 and -6 (22), the
epithelial sodium channel ENaC (23), and the water channel
aquaporin-2 (24). From its dimeric nature, NCC resembles the
other members of the family of electroneutral cation-chloride
cotransporters. In the case of NKCC1, quantitative analysis of
the molecular size of oligomers formed by full-length NKCC1
and an N-terminally truncated version of NKCC1 expressed in
HEK293 cells provided evidence that the dominant structural
unit of this transporter is a homodimer (13). Evidence that
KCC1 forms multimers was provided by the observation that a
dominant negative loss-of-function mutant co-immunoprecipi-
tated with the full-length polypeptide (12). However, in the
latter study the composition of the multimer was not further
analyzed. The present finding that the functional NCC is a
dimer is in agreement with the general idea that secondary
transport proteins with 12 or 14 transmembrane-spanning do-
mains including the tetracycline cation/proton antiporter TetA

(25), the erythrocyte anion transport system Band 3 (26), and
the renal Na�/H� exchanger NHE1 (27) exist in the plasma
membrane as oligomeric structures.

Our data show that wt-NCC is present in both the high
mannose- and complex-glycosylated form. Importantly, how-
ever, only the complex-glycosylated form was co-immunopre-
cipitated. This indicates that the wt-NCC dimer consists of
polyproteins that are complex-glycosylated. Using a purified
plasma membrane preparation we have previously proven that
only complex-glycosylated NCC is present on the plasma mem-
brane (16). Taken together, these data convincingly demon-
strate that complex-glycosylated dimeric wt-NCC is present on
the plasma membrane. Recently it has been demonstrated that
complex glycosylation, and therefore plasma membrane local-
ization, is essential for NCC function (21). Here we demon-
strated the functionality of dimeric NCC by expressing its
concatameric form in oocytes. The same method was used to
show that voltage-gated K� channels (28), ENaC (20), and
TPRV5 and -6 are functional as tetramers (22).

Mutations in NCC cause the recessive disease GS (3). Re-
cently Ellison (29) proposed a straightforward classification of
ion transporter defects including transporters that are nor-
mally synthesized and reach the cell surface but are inactive
(type 1), transporters that are normally synthesized but do not
traffic correctly to the plasma membrane (type 2), and trans-
porters that are not properly transcribed or translated (type 3).
Thus far, no type 1 mutants have been reported in GS. As far
as type 2 mutants are concerned, we have recently demon-
strated the existence of two classes consisting of fully (class I)
and partially (class II) retarded mutant transporters, respec-
tively (16). One of the hitherto unresolved questions is whether
these mutant transporters do exhibit Na� transport activity. In
this context, the present finding that Na� uptake values are

FIG. 6. Expression, function, and localization of wt/mutant-
NCC concatamers in oocytes. A, 22Na� uptake in non-injected oo-
cytes (ni) and oocytes injected with 10 ng of cRNA of wt/wt, wt/G741R,
and wt/G980R concatamer. The upper panel represents the correspond-
ing immunoblot of total membranes isolated from oocytes expressing
the concatamers. B, immunocytochemical analyses of oocytes injected
with 10 ng of cRNA of Flag-wt or wt/G741R concatamer. Left panel,
non-injected oocytes showing background staining. Middle panel,
plasma membrane localization of Flag-wt. Right panel, oocytes express-
ing the wt/G741R concatamer displaying a clear intracellular staining
only. Magnification, �400.

FIG. 7. Function and localization of HA-wt and Flag-G741R
NCC after co-injection in oocytes. A, 22Na� uptake of oocytes in-
jected with different amounts of HA-wt cRNA (wt) and oocytes co-
injected with either 2.5 or 5 ng of HA-wt cRNA and 10 ng of G741R-NCC
cRNA (wt � G741R). B, immunocytochemical analysis of oocytes co-
injected with 5 ng of HA-wt cRNA and 10 ng of Flag-G741R cRNA. Left
panel, non-injected oocytes showing background staining. Middle panel,
co-injected oocytes showing localization of HA-wt on the plasma mem-
brane. Right panel, co-injected oocytes showing intracellular localiza-
tion of Flag-G741R only. Magnification, �400. ni, non-injected oocytes.
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not different between oocytes that express equal amounts of
wt/wt or wt/G980R concatamer strongly suggests that the
G980R mutant is fully active. This conclusion is compatible
with individual subunits of the dimer being the minimum
functional unit for Na�-Cl� cotransport as has been demon-
strated for NHE1 (27). Because the wt/G741R concatamer was
not expressed on the plasma membrane its transport activity
could not be determined. Our observations with mixed con-
catamers of wt- and mutant-NCC suggest that the fully re-
tarded G741R-NCC mutant is dominant in its dimeric associ-
ation with wt-NCC, whereas wt-NCC is dominant in its dimeric
association with the partially retarded G980R-NCC mutant.

Comparison of Na� uptake between oocytes expressing a
certain amount of wt-NCC only and oocytes co-expressing the
same amount of wt-NCC and an additional amount of G741R-
NCC showed that Na� uptake was not decreased in oocytes
co-expressing wt- and mutant-NCC. From this finding it can be
concluded that wt-NCC preferentially dimerizes with a wt-
NCC. This then suggests that the G741R and the G980R mu-
tations distort the tertiary structure that is required for sorting
to the dimerization compartment or for physical interaction
between NCC proteins. Similarly mutants of aquaporin-2
(AQP2) fail to tetramerize and therefore do not disturb oli-
gomerization and subsequent membrane trafficking of wt-
APQ2 (24). Intriguingly, however, some G741R-NCC was found
to co-immunoprecipitate with wt-NCC in these oocytes demon-
strating that wt/G741R dimers can be formed. NCCs compris-
ing these dimers were high mannose-glycosylated. This sub-
stantiates our concatamer-based conclusion that wt/G741R
dimers are retained in the endoplasmic reticulum. Indeed no
staining of Flag-G741R was detected on the plasma membrane
of these co-expressing oocytes. Therefore, we conclude that
wt/G741R dimers, if formed, are degraded by the quality con-
trol system of the cell. In contrast to G741R-NCC, G980R-NCC
co-immunoprecipitated with wt-NCC showed both high man-
nose and complex glycosylation indicating that only part of the
wt/G980R dimers, if formed, are sorted to the plasma mem-
brane. These findings are in agreement with previous results
obtained with oocytes expressing either G741R or G980R alone
(16).

One of the intriguing problems in GS research is that in
�40% of the screened patients only one affected allele is iden-
tified (3, 17, 18). In principle, this finding can be explained in
two ways (3, 17, 18). First, the transcript of the other, uniden-
tified allele is not formed due to defects in promoter or intron
regions or the transcript is formed but not properly translated
(type 3). Second, the unaffected protein is normally formed but
somehow inactivated by the mutant protein. It should be noted,
however, that the latter explanation is in conflict with the
recessive mode of inheritance known for GS. In light of the
above discussion, the present finding that the wt/G741R con-
catamer did not reach the plasma membrane favors the second
explanation. Indeed some G741R-NCC was found to co-immu-

noprecipitate in a high mannose-glycosylated form with wt-
NCC. However, it is unlikely that this will happen predomi-
nantly in patients in whom hitherto only one affected allele is
found. Therefore, we conclude that the second allele is also
affected in the above-mentioned �40% of the GS patients.
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