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The renal Na-K-Cl cotransporter (NKCC?2) is selectively expressed in the apical membranes of cells of the mammalian
kidney, where it is the target of the clinically important loop diuretics. In contrast, the “secretory” NKCC1 cotransporter
is localized in the basolateral membranes of many epithelia. To identify the sorting signal(s) that direct trafficking of
NKCCs, we generated chimeras between the two isoforms and expressed these constructs in polarized renal epithelial cell
lines. This analysis revealed an amino acid stretch in NKCC2 containing apical sorting information. The NKCC1 C
terminus contains a dileucine motif that constitutes the smallest essential component of its basolateral sorting signal.
NKCC1 lacking this motif behaves as an apical protein. Examination of the NKCC gene structure reveals that this
dileucine motif is encoded by an additional exon in NKCC1 absent in NKCC2. Phylogenetic analysis of this exon suggests
that the evolutionary loss of this exon from the gene encoding the basolateral NKCC1 constitutes a novel mechanism that

accounts for the apical sorting of the protein encoded by the NKCC2 gene.

INTRODUCTION

The two isoforms of the Na-K-Cl cotransporter (NKCC)
protein are ~60% identical to one another (Delpire et al.,
1994; Payne and Forbush, 1994), but they are targeted to
different membrane domains, where they play different
physiological roles. The “absorptive” isoform NKCC2 local-
izes to the apical membranes of the thick ascending limb
cells in the mammalian kidney, including the region of the
macula densa (Igarashi et al., 1995; Obermuller et al., 1996),
in which it is responsible for sodium and chloride reab-
sorption and the maintenance of normal blood pressure.
Improper function of NKCC2 results in human disease,
including Bartter syndrome type I and hypertension (Simon
et al., 1996; Glorioso ef al., 2001; Ji et al., 2008). Vasopressin is
the most important stimulus of NaCl transport by NKCC2,
increasing the transport activity and bringing about traffick-
ing from an intracellular compartment to the apical mem-
brane (Gimenez and Forbush, 2003; Ortiz, 2006).

The “secretory” isoform NKCC1 localizes at highest
concentrations in the basolateral membranes of secretory
epithelia in which it is responsible for the transepithelial
secretion of Cl~ and water upon stimulation by secreta-
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gogues (Haas and Forbush, 2000). NKCC1 is also present
in many types of nonepithelial cells where it contributes
to the regulation of cell volume and intracellular Cl1~
concentration (for reviews, see Delpire, 2000; Haas and
Forbush, 2000).

Polarized trafficking is determined by signals contained
within a membrane protein’s structure, and several distinct
classes of sorting motifs have been identified. The routing of
basolaterally targeted proteins is often mediated by discrete
cytosolic amino acid sequences containing a critical tyrosine
residue within a NPXY or YXX motif, a dileucine motif, a
dihydrophobic motif, a cluster of acidic residues, or a com-
bination of these elements. In contrast, the apical targeting of
transmembrane proteins can be mediated by a variety of
signals. For example, both N- and O-linked glycans are
postulated to mediate apical targeting for several proteins,
and apical targeting may also occur via the incorporation of
apically directed proteins into lipid rafts (for review, see
Muth and Caplan, 2003; Rodriguez-Boulan ef al., 2005).
There are examples, however, of proteins whose apical tar-
geting may be independent of both glycosylation and raft
association. In these cases, apical sorting signals seem to be
embedded in amino acid sequences located within trans-
membrane or intracellular domains that can act either as
discrete or conformational sorting motifs recognized by the
apical sorting machinery (Chuang and Sung, 1998; Dunbar
et al., 2000; Karim-Jimenez et al., 2001; Inukai et al., 2004). It
has been demonstrated previously that glycosylation of the
NKCC cotransporters is not required for their polarized
targeting to the plasma membrane but that it is a prerequi-
site for export of these proteins from the Golgi apparatus
(Paredes et al., 2006).

To identify the sorting signals in NKCC1 and NKCC2, we
have generated chimeras between the two isoforms and
analyzed their localization in Madin-Darby canine kidney
(MDCK) cells. Our data show that a 77-amino acid region in
the NKCC1 and NKCC2 C termini contains basolateral and
apical sorting information, respectively. Altering a dilucine
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motif within this region results in apical localization of the
mutant protein, thus defining the smallest essential compo-
nent of the NKCC1 basolateral sorting signal. This motif is
part of a 16-amino acid exon that has been evolutionarily
lost from NKCC2 and retained in NKCC1, suggesting a
novel mechanism through which genes encoding differen-
tially targeted isoforms of homologous proteins can arise.

MATERIALS AND METHODS

Constructs

Chimeras between human NKCC1 and rabbit NKCC2a were produced using
the QuikChangeXL site-directed mutagenesis kit (Stratagene, La Jolla, CA) to
create common NKCC1/NKCC2 restriction sites followed by exchange of
fragments generated by polymerase chain reaction (PCR) or restriction digest.
All constructs were hemagglutinin (HA)-tagged at their N terminus (see
Supplemental Material for all sequence details); DNA and amino acid residue
positions are reported here relative to the first amino acid residue in the
native sequences. PCR-generated regions and junction points were sequenced
in full. Constructs were subcloned into pIRES (Invitrogen, Carlsbad, CA)
and/or pJB20 (Isenring et al., 1998b) expression vectors. Experiments in
Figure 1 present transient expression using pIRES; otherwise results are from
stable expression using pJB20. In agreement with previous work (Isenring et
al., 1998b), we found that the presence of the N terminus of NKCC2 in any
construct seems to prevent good functional expression in human embryonic
kidney (HEK)-293 cells as well as stable expression in MDCK cells.

Chimeras are named using two conventions: N-terminus-transmembrane
domain (TM)-C-terminus chimeras (Figure 1) are called simply by their
corresponding isoform numbers (e.g., 1-2-1 has the TM of NKCC2 and termini
of NKCC1), whereas chimeras within the C terminus are described by nu-
merals denoting their junction points. Chimera 1-2-1 and 1-2-2 use a new
BstZ171I restriction site in NKCC2a at base pairs 498, corresponding to a site
in NKCC1 at base pairs 822; similarly 1-2-1 and 2-2-1 use a new PmlI site (later
termed position “I”) in NKCC2 at base pairs 2026 corresponding to a site in
NKCC1 at base pairs 2350. Chimera 1-1-2 is also termed “chimera I” as the
first of the chimeras in the C terminus. To make other C-terminal chimeras,
we constructed a human (h)NKCC1 cDNA with new silent SanDI, AvrIl, and
SbfI restriction sites at positions II, III, and IV (base pairs 2475, 2625, and
2790), with existing Pmll, HindIIl, and BspEI sites I, V, and VI (base pairs
2350, 3020, and 3236; we removed a HindIII site in pJB), and a unique BsiWI
site in the C-terminal cloning region. PCR-amplified fragments of the
NKCC2a C terminus with appropriate restriction sites in the primer regions
were then ligated into corresponding NKCC1 sites to generate chimeras.

Within the IV-V region of the NKCC1 C terminus, we constructed two
deletion mutants, each replacing half of the region with a short linker by
means of two pairs of oligonucleotides and triple ligation into the Sbfl and
HindIII sites (in NKCC1AA, residues 938968 are replaced with PRSRGL; in
NKCC1AB, residues 969-1006 are replaced by PRSQS). Point mutants in this
region (LoggA/LogoA, LigosA/LigooA, Eo7Q/Eg70Q/Eog0Q/DogiN, TogeA/
Qos7A/PogsA, Pog,A) were generated by QuikChange mutagenesis.

Placental alkaline phosphatase (PLAP)-V-NKCC constructs were prepared
to investigate the intrinsic sorting potential of the NKCC IV-V region.
PLAP-V, containing the coding region of PLAP followed by the transmem-
brane domain of vesicular stomatitis virus glycoprotein (VSVG) (Brown et al.,
2004), was subcloned into the EcoRI site of pcDNA3.1. The IV-V region of
appropriate NKCC constructs was then amplified by PCR and cloned into
HindIII and Kpnl sites downstream of the VSVG sequence.

Cells and Transfection

MDCK cells and HEK-293 cells were maintained in DMEM, 10% fetal bovine
serum, penicillin (50 U/ml) and streptomycin (50 U/ml), at 37°C, 5% CO, in
a humidified incubator, and transfection was performed with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. Stable clones
were selected in 1 mg/ml geneticin, and they were studied as either mixed
stable lines (Figures 4, 5, 7, and 8) or as individually selected clonal lines
(Figures 2, 3, and 6).

Cell Surface Biotinylation and Western Blotting

MDCK cells stably expressing the different chimeras were grown to conflu-
ence on 45-mm polycarbonate filter insets for 3-5 d. For each cell line two
filters were plated. Cell surface biotinylation was performed as described
previously (Roush et al., 1998). NKCC chimeras were detected by Western
blotting using the monoclonal anti HA antibody (dilution 1:1000; Covance
Research Products, Princeton, NJ) and a horseradish peroxidase-conjugated
goat anti-mouse secondary antibody (1:5000).

Immunofluorescence

Transfected MDCK cells were grown on 24-mm polycarbonate transwell filter
inserts for 3 d. Cells were fixed with 4% paraformaldehyde in phosphate-
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buffered saline (PBS) (20 min; room temperature), permeabilized with 0.1%
Triton X-100 in PBS (15 min), and incubated in 1% bovine serum albumin
(BSA) in PBS (30 min), followed by a monoclonal anti-HA antibody (1:500 in
BSA/PBS; 2 h; Covance Research Products), washed with PBS, and incubated
in anti-mouse fluorescein isothiocyanate (FITC)-conjugated antibody (1:500 in
BSA/PBS; 1 h; Sigma-Aldrich, St. Louis, MO). Washed filters were mounted
on glass slides using Vectashield (Vector Laboratories, Burlingame, CA), and
they were sealed with coverslips and nail polish. Confocal images were
obtained with a laser scanning fluorescence microscope (LSM410; Carl Zeiss,
Thornwood, NY). Images are the product of eightfold line averaging, and the
xz sections were produced using a 0.2-um motor step. Contrast and bright-
ness settings were chosen so that all pixels were in the linear range. PLAP-V
constructs were localized on the surface of nonpermeabilized MDCK cells by
using a monoclonal anti-PLAP antibody (1:200 in BSA/PBS for 3 h at 4°C;
Santa Cruz Biotechnology, Santa Cruz, CA), followed by fixation and incu-
bation with secondary antibody as described above.

86Rb* Influx Assay

NKCC transport function was examined by 8°Rb™* influx in stably transfected
HEK-293 cells as described previously (Pedersen et al., 2008). Briefly, cells
were preincubated in various external [C1~] (with gluconate replacement) for
1 h to activate the cotransporter. Furosemide was used in some preincubation
conditions to block transporter-mediated Cl~ movements; furosemide
quickly dissociates before the flux assay. Fluxes were carried out for 1 or 2
min at room temperature in regular flux medium, which contains 135 mM
NaCl, 5 Mm RbCl (2 uCi/ml #Rb), 1 mM CaCl,, 1 mM MgCl,, 1 mM Na,PO,,
1 mM Na,SO,, and 15 mM Na-HEPES, pH 7.4. 8°Rb* uptake was terminated
with a rinse in high K* buffer (135 mM K gluconate, 5 mM Na-gluconate, 1
mM CaCl,/MgCl,, 1 mM Na,HPO,/Na,SO,, 15 mM Na-HEPES, pH 7.4) and
cells were then allowed to dry. The flux experiments reported here were
performed by an automated 96-well plate flux machine that performs each
solution change as a wash procedure without removing all of the fluid from
the well. Cellular 8Rb* uptake was determined by phosphorimage analysis
of the 96-well plate.

Detergent Solubility Assay

MDCK cells expressing the chimeras III and V were grown to confluence in
10-cm? tissue culture dishes and lysed in 1 ml of buffer (25 mM Tris-HCI, pH
7.4,150 mM NaCl, and 5 mM EDTA) containing 1% Triton X-100 on ice for 30
min. Lysates were passed trough a 21-gauge needle to shear DNA, mixed
with 1 ml of 80% sucrose, transferred into polycarbonate tubes, and overlaid
with 2 ml of 30% sucrose and 1 ml of 5% sucrose. The floatation gradients
were spun at 120,000 X ¢ for 18 h at 4°C. Eight fractions were then collected
from the top and incubated with 50 ul of StrataClean beads (Invitrogen) for 20
min at room temperature into the rocking platform. The samples were cen-
trifuged for 5 min at 16,000 X g, and the supernatant was removed. Proteins
were released from the beads by boiling for 10 min in 50 ul of 2X Laemmli
buffer containing 1 M dithiothreitol. All fractions were assessed by Western
blotting for the presence of either the chimeras or the lipid raft marker
flotillin-1 by using the monoclonal HA-tag antibody and the monoclonal anti
flotillin-1 antibody (BD Biosciences, San Jose, CA) respectively.

RESULTS

The Cytoplasmic C Terminus of both NKCC1 and NKCC2
Contains Information Necessary for Sorting

NKCC1 and NKCC2 are expressed on basolateral and apical
membranes, respectively, in their native epithelial tissues. In
addition, exogenously expressed NKCC1 has been found to
be sorted to the basolateral membrane (Brindikova et al.,
2003; Del Castillo et al., 2005). The results in Figure 1 dem-
onstrate that in transiently transfected MDCK cells, HA-
tagged NKCC1 and NKCC?2 are delivered to basolateral and
apical membranes, respectively, as illustrated by confocal
immunofluorescence microscopy viewed en face and in xz
cross section. Clearly the presence of the N-terminal HA-tag
does not interfere with the proper sorting and localization of
either of the NKCC proteins, consistent with the fact that the
extreme N termini are very poorly conserved in length and
sequence; thus, it seems unlikely to contain significant traf-
ficking information. These results also illustrate that MDCK
cells are able to appropriately sort NKCCs.

Sequence analysis of NKCC1 and NKCC2 demonstrates
that they have the same basic domain structure, and that
although they are only 55% identical overall, most of the
dissimilarity is concentrated in three regions (Payne and
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Figure1. Localization of NKCC1, NKCC2 and chimeras in transiently transfected MDCK cells. The chimeras were generated by exchanging
the three major portions of the contransporter: the N terminus, TM, and the C terminus. The structure of each chimera is shown in the inset
of the en face image in which its localization is depicted. The NKCC1 regions are shown in gray, and the NKCC2 regions are shown in black.
The sorting information is contained within the C termini of NKCC proteins.

Forbush, 1994 and Supplemental Figure 1), including an
extracellular loop, most of the N terminus, and a region in
the C terminus on which we focus below. The similarity of
the NKCCs makes it possible to generate functional chime-
ras between the two transporters without introducing major
structural changes. As we did previously for shark and
human NKCCls (Isenring et al., 1998a), we initially gener-
ated chimeras with junction points between the TM and the
two termini, and expressed these constructs in MDCK cells.

The results with the first set of chimeras are illustrated in
Figure 1B. Although replacement of the NKCC1 transmem-
brane domain with NKCC2 residues did not alter the baso-
lateral localization of NKCC1 (chimera 1-2-1), replacement
of the NKCC1 C terminus with that of NKCC2 produced a
chimeric protein that was sorted primarily to the apical
membrane (chimera 1-1-2). In contrast, results with chimera
1-2-2 demonstrate that replacement of the N terminus of
NKCC2 with that of NKCC1 does not affect the distribution
of NKCC2, in that this NKCC construct is sorted predomi-
nately to the apical membrane. Because the presence of the
NKCC1 N terminus does not affect the apical localization of
NKCC2 and the presence of the NKCC2 C terminus induces
the apical localization of NKCC1, we conclude that sorting
information is contained within the C-terminal domains of
the NKCC proteins.

Identification of a 77-Amino Acid Region in the
Middle of the NKCC C Terminus That Contains
Sorting Determinants

To define specific sorting regions within the ~460 amino
acid NKCC C termini, we studied a sequential set of chime-
ras in which parts of the cytoplasmic C terminus of NKCC1
were replaced by the corresponding regions of NKCC2. We
carried out this investigation by using an NKCC1 backbone
because the NKCC2 N terminus has proven to be problem-
atic in epithelial cell expression systems (see Materials and
Methods). Beginning with the chimeric junction “1” at residue
782, the junction point is moved 40—80 amino acids toward
the extreme C terminus in successive constructs I to VI (see
Figure 2 labels for human NKCCI1 residue numbers). Stable
MDCK cell lines were generated with each chimera, grown
to confluence on permeable filters, and then examined by
immunofluorescence. As illustrated in Figure 2, the first four
of the chimeras (I-IV) contain functional NKCC2 sorting
information, because these proteins are clearly targeted to
the apical membrane. In contrast, chimeras V and VI are
delivered to the basolateral membrane, as is NKCC1 itself
(Figure 2, bottom). These results demonstrate that the critical
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Xz cross-section

Chimeral 782-1213

Figure 2. Localizations of sequential C terminus chimeras. Confo-
cal xz cross-section immunofluorescence images are presented. Im-
munofluorescence analysis was performed on stably transfected
MDCK cells. The junction point of each chimera is shown on the left
of the panel in which its localization is depicted (numbering in
replaced human NKCC1, NKCC1 C terminus in gray, NKCC2 C
terminus in black). The sorting information is embedded in the amino
acid region between the junction points of chimeras IV and V.
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Figure 3. (A) Cell surface distribution of the sequential chimeras

determined by domain-selective biotinylation in stably transfected
MDCK cells. (B) Rate of 3*Rb* influx mediated by chimeras I, III, IV,
V, and NKCC1 in stably transfected HEK cells after preincubation in
various media. The data are relative to the maximal activation of
NKCC1 and are corrected for NKCC protein expression. Data are
presented as the range of two measurements in a representative
experiment. All chimeras are functionally active.

sorting information is embedded in the amino acid region
between junction points IV and V (region IV-V), that is
between residues 930 and 1007 of the human NKCC1
sequence. It is interesting to note that within this region
there is very little sequence conservation between NKCC1
and NKCC2 and that the region has a relatively high
index of predicted structural disorder (Supplemental Fig-
ures 1 and 2).

To assess biochemically the polarized distribution of the
chimeras, we used domain-selective cell surface biotinyla-
tion to differentially label apical and basolateral membrane
proteins. As illustrated by the results in Figure 3A, chimeras
I-IV were found predominantly in the protein fraction ac-
cessed by biotinylation from the apical surface, whereas V
and VI were detected among basolaterally biotinylated
plasma membrane proteins. Thus, steady-state biotinylation
experiments directly support the localization reported by
immunofluorescence, and they demonstrate further that at
least a substantial fraction of the chimeric proteins reside in
the plasma membrane rather than in a subsurface vesicular
compartment.

To examine the physiological activity of our chimeric
NKCCs, we measured transporter-mediated 3°Rb* influx in
stably transfected HEK cells (see Materials and Methods). This
system has been well-characterized, and, compared with
epithelial cells, it has much lower background from endog-
enous cotransporters. NKCCs are strongly activated by de-
creases in cell chloride, and they mediate coupled Na*, K*
(or 8Rb™), and Cl~ uptake into the cell. Figure 3B illustrates
the steady-state activation curve of ion transport in response
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Chimera IV-V

R ™

Figure 4. Localization of PLAP-V constructs and chimera IV-V. (A)
The structure of each PLAP-V construct is shown on the left of the
panel in which its localization is depicted. The IV-V region of
NKCC2 carries autonomous apical sorting information. (B) The
structure of the chimera IV-V is shown on the left of the panel in
which its localization is depicted. The NKCC1 portions are shown in
gray and the NKCC2 portions in black. The IV-V NKCC2 region is
not, in itself, sufficient to induce the fully apical localization of
NKCC1.

to changes in intracellular [Cl~], brought about by preincu-
bation in various media for 1 h before the 2 min flux mea-
surement. The data demonstrate that all the chimeras tested
are functionally active when maximally stimulated but that
their activation curves are in some cases different from that
of the NKCC1 parental protein. This suggests that confor-
mational interactions within the C terminus may be impor-
tant in NKCC regulation, and that these interactions are
altered in the NKCC1-NKCC2 chimeras. This hypothesis is
supported by our recent fluorescence resonance energy
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(A) Immunolocalization of chimeras IV-VI, V-VI, IV-V+V-term, III-V in stably transfected MDCK cells. xz cross-section

immunofluorescence images are presented. The structure of each chimera is shown on the right of the panel in which its localization is
depicted. The NKCC1 portions are shown in gray and the NKCC2 portions in black. The NKCC2 sequence downstream of the IV-V NKCC2
region is necessary for apical sorting. (B) Domain selective cell surface biotinylation of chimeras IV-V and chimera IV-VI (A, apical; B,
basolateral). (C) Rate of *Rb* influx mediated by chimeras IV-V, IV-VI, and NKCC1 in stably transfected HEK cells. The data are relative
to the maximal activation of NKCC1 and are shown as average of three flux rows of a representative experiment. Chimeras IV-V and IV-VI

are functionally identical to wild-type NKCC1.

transfer-based measurements of regulatory conformational
change in NKCC1 (Monette, Carmosino, and Forbush, un-
published).

The Presence of a 150-Amino Acid Segment of the NKCC2
C Terminus Is Necessary to Fully Specify Apical
Localization

To evaluate the intrinsic sorting potential of the IV-V region
of NKCC2, we asked whether this region is sufficient to
induce the apical localization of the unrelated PLAP VSVG
protein (PLAP-V). The PLAP-V construct is composed of the
PLAP extracellular domain fused to the transmembrane do-
main of VSVG. To visualize the plasma membrane distribu-
tion of the PLAP-V constructs, we used immunostaining in
living stably transfected MDCK cells grown on permeable
filters, taking advantage of a monoclonal antibody against
an extracellular epitope of PLAP. By itself, PLAP-V exhibits
a random distribution in MDCK cell plasma membranes
(Brown et al., 2004), as illustrated by both apical and lateral
staining in Figure 4A, top. In contrast, the tandem PLAP-V-
NKCC2 construct was clearly restricted in its distribution to
the apical membrane (Figure 1A, bottom), demonstrating
that indeed the IV-V region of NKCC2 carries autonomous
apical sorting information.

We asked whether the NKCC2 IV-V region would confer
apical sorting when expressed in the context of the NKCC1
molecule. Surprisingly, as shown in Figure 4B, the distribu-
tion of NKCC chimera IV-V is both apical and lateral. Thus,
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although this replacement disrupts the purely basolateral
distribution of NKCC1, this stretch of NKCC2 sequence is
not, in itself, sufficient to induce full apical localization of
NKCCI. Presumably, the sorting signal in the NKCC2 IV-V
region that is effective in targeting PLAP-V to the apical
membrane is partially masked when presented in the con-
formation of an intact NKCC chimera.

The results obtained with the NKCC2 IV-V chimera
strongly suggest that residues distal to position V in NKCC2
must be important in apical sorting, because chimera IV
(Figure 3) is almost fully apical, whereas chimera IV-V (Fig-
ure 4B) is not. To investigate this hypothesis, we studied a
new set of chimeras, with results shown in Figure 5A. We
found that when the NKCC2 IV-V region was augmented
with the V-VI region, the apical localization of the resulting
NKCC (chimera IV-VI) was substantially enhanced com-
pared with that in chimera IV-V. By itself however, the V-VI
region of NKCC2 had no effect on the basolateral sorting of
NKCC1, as illustrated in the second panel in Figure 5A.
Together, these results suggest that although the 72-amino
acids of NKCC2 downstream of the IV-V region do not
themselves contain a strong apical sorting signal, they are
necessary to ensure full expression of the sorting potential of
the NKCC2 IV-V signal and thus that the apical polarity of
NKCC2 is dependent upon the presence of the entire IV-VI
region. We also attempted to test whether the V-VI region of
NKCC2 contains an autonomous apical sorting signal by
appending it to PLAP-V. The resulting construct is unable to
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reach the cell surface and is trapped in an unidentified
intracellular compartment (data not shown).

As a test of the specificity of the V-VI region in assisting
apical sorting signaled by the NKCC2 IV-V domain, we
examined two other chimeras in which either the upstream
[I-IV region or the terminal VI-term region were incorpo-
rated from NKCC2, along with IV-V (chimera III-V and
chimera IV-V+VI-term). As illustrated in the bottom two
panels of Figure 5A, each of these chimeras behaved like
chimera IV-V, that is, they were distributed on both apical
and lateral membrane domains. These results confirm the
specificity of the V-VI region in assisting apical sorting, and

B

NKCC1AA
Wy
%

LL/IAA

they argue that there is no significant apical sorting infor-
mation in the C terminus outside of the 150-amino acid
residues in IV-VL

Domain-selective surface biotinylation experiments
were again used as a second measure of membrane dis-
tribution. The results shown in Figure 5B are in complete
agreement with the above-mentioned immunofluores-
cence analysis in demonstrating that chimera IV-V is
distributed in both apical and basolateral membranes,
whereas chimera IV-VI is predominantly labeled from the
apical surface. These data again show that the 150-amino
acid IV-VI segment is both necessary and sufficient to
bring about apical sorting. Chimeras IV-V and IV-VI are
functionally identical to wild-type NKCC1 when stably
expressed in HEK cells and assayed by #°Rb ™" flux (Figure
5C), which demonstrates that these constructs are cor-
rectly folded.

The Apical Localization of NKCC Chimeras Is Not Due
to Detergent Resistant Membrane Association

To determine whether the apically delivered chimeras
achieve their localization in MDCK cells through associ-
ation with detergent-resistant membranes, confluent
MDCK cells stably expressing the apical chimera III or
basolateral chimera V were extracted with the nonionic
detergent Triton X-100 on ice followed by density gradi-
ent centrifugation using a multistep gradient (see Materi-
als and Methods). As shown in Figure 6, neither chimera is
found in appreciable amounts in the detergent-resistant
flotillin-enriched buoyant fractions. Rather, they are de-
tected in highest concentration in the high-density deter-
gent-soluble fraction, indicating that apical delivery is
accomplished without lipid raft association.

NKCC14B
Ly

NKCC1 EEED/QQQN

EEED/OOON

J AL

Figure 7. Localization of NKCC1AA, NKCCIAB,
NKCC1-LL/AA, and NKCCI1-EEED/QQQN mu-
tants in stably transfected MDCK cells. (A and B)
Deleted regions in NKCC1 are represented by dot-
ted lines in the cartoons. Basolateral sorting infor-
mation is contained in the AB region of NKCC1. (C)
NKCC1-LL/AA mutant was localized on the apical
membrane suggesting that this dileucine motif is the
smallest component of the basolateral NKCC1 sort-
ing signal. (D) NKCC1-EEED/QQQN mutant was
localized on the basolateral membrane, suggesting
that the EEED motif is not involved in the basolat-
eral sorting. (E) Domain-selective cell surface bioti-
nylation of NKCC1AA, NKCC1AB, NKCC1-LL/AA,
and NKCC1-EEED/QQQN mutants.
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A Dilucine Motif Is the Smallest Essential and
Autonomous Component of the Basolateral Sorting Signal
in the NKCC1 Protein

To determine whether the NKCC1 counterpart of the IV-V
sequence is necessary for the NKCC1 basolateral localiza-
tion, we made an NKCC1 deletion construct lacking these
77-amino acid residues. This protein was retained in an
intracellular compartment (data not shown), perhaps as con-
sequence of a conformational modification induced by the
large deletion. In contrast, two smaller deletions encompass-
ing the first and second half of the same region were toler-
ated, with results shown in Figure 7. Although removal of
the first half of the IV-V sequence had no effect on the
basolateral localization of NKCC1 (NKCC1AA; Figure 7A),
removal of the second half resulted in a protein construct
(NKCCI1AB; Figure 7B), with an essentially randomized api-
cal and basolateral distribution. These results strongly sug-
gest that the second half of the IV-V sequence contains
sorting information essential for basolateral delivery of
NKCCI.

In a comparative analysis of the IV-V region sequence
(Figure 9A) our attention was drawn to a dileucine sequence
at residues 989-990 in hNKCC1, which is absent in NKCC2.
Remarkably, mutagenesis of only these two residues to ala-
nines resulted in essentially complete retargeting of the
NKCC1 mutant (NKCC1-LL/AA) to the apical membrane,
as shown in Figure 7C. That the mutation does not simply
abolish basolateral sorting, but actually results in a strictly
apical distribution strongly suggests that cryptic apical sort-
ing information resides elsewhere in the NKCC1 molecule,
and is masked by the effect of the strong basolateral
dileucine motif.

Figure 7C clearly demonstrates that this dileucine motif
constitutes the smallest essential component of the basolat-
eral sorting signal in the NKCC1 protein. Other residues
near the dileucine motif are also well conserved among
NKCCls in various species (Figure 9A), and we wondered
whether these might be required in addition to the dileucine
itself. Thus, we made mutations in a conserved acidic stretch
(EEED mutated to QQQN) at —10 residues relative to the
LL, in the conserved TQP at —3 (mutated to AAA), and in
the conserved P at +8 (mutated to A). As illustrated in
Figure 7D for EEED->QQQN (others not shown), none of
these mutations had any effect on the distribution of
NKCC1, as all of the mutants were found exclusively baso-
lateral membrane. We also investigated a second dileucine
17 residues downstream: mutation of these leucines to ala-
nines also did not alter the basolateral localization of
NKCC1 (data not shown). Domain-selective cell surface bi-
otinylation experiments confirmed the results obtained by
immunolocalization analysis (Figure 7E). NKCC1AA was
found among proteins selectively biotinylated at the baso-
lateral surface, whereas NKCC1AB was available to biotin
labeling from both the apical and basolateral sides. The
LL/AA and EEED/QQQN mutants were exclusively la-
beled from the apical and the basolateral surfaces, respec-
tively. Thus, it seems that the only critical residues in this
basolateral sorting signal are the leucines identified at
hNKCC 1 residues 989-990.

To determine whether the newly defined NKCC1 sorting
region (IV-V region) is sufficient to function autonomously
as a basolateral sorting determinant, we fused it to the
terminus of PLAP-V. It can be clearly seen in Figure 8A that
the IV-V region of NKCC1 is by itself sufficient to redirect
the distribution of the PLAP-V construct from random lo-
calization at both membrane domains (Figure 4A, top) to
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PLAP-V-NKCC1

Figure 8. Cell surface localization of PLAP-V-NKCC1 constructs
and chimera III-IV+VI-term. The structure of each construct is
shown on the left of the panel in which its localization is depicted.
(A) The IV-V region of NKCC1 carries autonomous basolateral
sorting signals. (B) The dileucine is the critical motif in the NKCC1
IV-V sorting region. (C) The IV-V region of NKCC1 is sufficient to
confer a fully basolateral localization to an apical chimera.

exclusive localization at the basolateral membrane. As illus-
trated in Figure 8B, when we mutated the identified
dileucine motif to dialanine in this construct, the basolateral
sorting was disrupted just as it had been in NKCC1 itself,
demonstrating again that the 989990 dileucine is the critical
motif in the NKCC1 sorting region. To verify whether the
sorting region of NKCC1 is able to drive basolateral local-
ization when it is expressed in the context of an apical
chimera, we generated chimera III-IV+VI-term, which cor-
responds to the apical chimera III (Figure 2) containing the
IV-V region of NKCC1. As shown in Figure 8C, chimera
II-IV+VI-term was selectively expressed at the basolateral
membrane. Thus, the IV-V sorting region of NKCCl is able
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exon 20 exon 21
humanl QEELLSSQEKSPGTKDVVVSVEYSKKSDLDTSK=-=--~-- PLSEK--PIT---HKVEEEDGKTATQPLLKK--ESK-~---GP---IVPLNVADQK
mousel QEELLSSQEKSPGTKDVVVNVDYSKKSDODTCK= ===~ SSGEK--SIT---QKDEEEDGKTPTQPLLKK--ESK=-~---GP---IVPLNVADQK
bovinel QEELLSSQEKSPGVKDVVLSVEYSKKSDLDTSK====~ PSSEK-=-SIT=-~--HKDEEEDGKTPTQPLLKK-~-ESK=-=-~--GP-~--AVPLNVADQK |
chickenl QEELLSSQEKSPCSKDVI VDYSKKAETDTSVAF-VPSSSERT-SALHKETSKEDEDGKTPTQPLLKK=-~-DLK=-=~-~-~-SP=---SSPLNLTDQ 8
xenopusl QEELLSSQEKSPGTKDVVVNVEYSKKAEAEASRPF-ASDSS----PMM---RKDEEDDGKTPTQPLLKK--DSK----GQ---GISLDTADQ 4
fugul QDDLLSSQEKSSGMKDVIVSIDTSKDSDADSSKPS -SKATSLONSPATL - - -QKDI DGKAPTQPLLKK=--GRRSIFLSP---TVPLNVSDQ pd
eella QDDLLSSQEKTSGMKDVIVSIDMSKDSDGDSSKPS-SKATTAQNSP -==QKDI DVKAPTQPLLKK--DKK=----SP---TVQLNVADQ
sharkl QEELCTSQEKSAHPKDIVVNLEHS---DADSSKPS-SKSVSETNSP ASTQPLLKK=-=-EVK====DP=-~--SVPLNMTDQK
hagfish QEELAVS ST-LKQSPGGSIGP E QIVPFEPSKISRSF \ EQK
shark2 QEELQRK L. AAKR! - -=GKQG SLKFLNKAVKYCTN! FNQ
eel2a QAEEEMERLALEQSLE-GM =-==-=-=-G-G-GKGL-FKRSRKSSKC V o~
fugu2 JEEMLKAAKEQQILESGMTPN- - - - - -G-GKAKGL-FRKSRKHSQC NEQ | U
chicken2 QEELEKL RLALE IKENEFEE EKSGICGF-FRKARKLNIT GEFNQK O
opossum2 QDELEKL L NECEE GGGIRGL-FKKAGKLNI sEFNQ é
bovine2 QEELERLEQERL. IKDNECEE--ESGGIRGL-FKKAGKLNIT GEFNQK
mouse2 QDELEKL L NECEE--GKGGIRGL-FKKAGKLNI GEFNQK
human2 QEELERL L NEC -=-ESGG GL-FKKAGKLNI GEFNQK
B
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. | T
,\ \
| —
"
20

H'!/m M‘*l%

Wy,

u

Figure 9. Exon structure of NKCCs. (A) Alignment of NKCC1 and NKCC2 sequences in the exon 20-21 region, color-coded by similarity
to human NKCC1. (B) Exon organization of NKCC1 and NKCC2, with every other exon highlighted in light or dark blue. Exon 21, unique

to NKCC1, is shown in red.

to function as an autonomous basolateral sorting signal in
both an unrelated protein, and in intact NKCC.

A 16-Residue Exon Encoding the Basolateral Sorting
Motif Is Present in NKCC1 and Absent from NKCC2

Comparison of the gene structures of NKCC1 and NKCC2
reveals that they have exactly the same set of exon bound-
aries, with one exception: as illustrated in Figure 9B, exon 21
of NKCC1 is absent from NKCC2. The sequence encoded by
this exon is part of the NKCC1AB region, and it contains the
NKCC1 dileucine sorting motif. The 16-residue sequence
encoded by exon 21 is reasonably well conserved in verte-
brate NKCCls, with complete vertebrate conservation of the
TQPLLKK sequence containing the dileucine (Figure 9A).
NKCC1 and NKCC2 seem to have arisen from genome
duplication early in vertebrate evolution: although in exam-
ining the closest prevertebrate sequences we have not found
homology in this region with urchin or lancelet NKCCs
(data not shown), we note the conservation of TQPLL in the
single hagfish NKCC (Figure 9A). This indicates that the
TQPLL sequence containing the dileucine motif was present
in the ancestral NKCC and that subsequent to genome du-
plication exon 21 was lost from NKCC2, resulting in an
apically targeted NKCC2 to complement a basolaterally tar-
geted NKCC1.

DISCUSSION

In the present study, the structural basis for the polarized
expression of the highly homologous Na-K-2Cl cotrans-
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porter isoforms NKCC1 and NKCC2 was elucidated. We
demonstrated that the C termini contain sorting signals nec-
essary for the basolateral localization of NKCC1 and the
apical localization of NKCC2, respectively.

Analysis of the C termini by successive replacement of
regions of the NKCC1 C terminus with the complementary
sequences from the NKCC2 C terminus allowed us to nar-
row the region containing sorting information to an amino
acid stretch located between the junction points of chimeras
IV and V, corresponding to amino acids 930-1007 in NKCC1
and amino acids 807-884 in NKCC2.

The apical localization of the sequential chimeras demon-
strated in Figure 2 could be due to the addition of an
NKCC2-derived apical sorting signal to the NKCC1 back-
bone. It is also possible, however, that the removal of a
primary basolateral sorting determinant from NKCC1 re-
sults in the apical localization of the resultant protein via a
default mechanism. We consider the last possibility unlikely,
however, because several exogenous proteins derived from
different sources that lack sorting signals are delivered in a
nonpolarized manner when expressed in MDCK cells (Got-
tlieb et al., 1986; Vogel et al., 1992). These observations thus
strongly argue in favor of the presence of an active apical
sorting signal in NKCC2. Moreover, the PLAP-V-NKCC2
protein, generated by the fusion of the region IV-V of
NKCC2 with PLAP-V (Figure 4B), was delivered to the
apical membrane, suggesting that this region of NKCC2
indeed carries autonomous apical sorting signals. This find-
ing further supports the hypothesis that the polarized local-
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ization of the apical chimeras is a product of an active
sorting process rather than a default mechanism.

Unexpectedly, when this IV-V region of NKCC2 sequence
was substituted into the context of NKCC1, the resulting
chimera (chimera IV-V) was distributed randomly between
the apical and basolateral domain, suggesting that this re-
gion of NKCC2 is not in itself sufficient to fully specify an
apical localization when expressed in the context of NKCC1.
However, we demonstrated that pairing of the NKCC2 IV-V
region with the contiguous downstream region V-VI of
NKCC2 is necessary and sufficient to induce a fully apical
localization of the cotransporter. We propose that region
V-VI of NKCC2 imposes a particular conformation upon the
sequence determinant that constitutes the actual sorting sig-
nal in the region IV-V, allowing it to be recognized by the
apical sorting machinery. This situation is reminiscent of
that described for the apical sorting of the a-subunit of the
gastric H K-ATPase, where chimeras with the basolaterally
sorted Na,K-ATPase have been used to identify three re-
gions whose conformational interactions seem to affect sort-
ing (Dunbar et al., 2000). Similarly, apical sorting signals
have been identified in a short region of the N terminus of
three apical members of the serpin family (Vogel ef al., 2002).
None of the individual amino acid residues making up this
domain are required for the apical targeting that this amino
acid stretch confers, suggesting that the apical secretion of
the serpins by MDCK cells does not depend on a strictly
conserved linear sequence but may instead depend on these
proteins” conformations (Vogel et al., 2002). Grati et al. (2006)
analyzed the molecular basis for the differential membrane
trafficking of the plasma membrane calcium pumps PMCA1
and PMCA? in hair cells of the inner ear. They found that
the apical targeting of PMCA2 depends on the size but not
on the sequence of a splice insert in its first intracellular loop,
suggesting that the conformation of this cytoplasmic loop
plays a role in apical sorting (Grati ef al., 2006).

It has been suggested that detergent-resistant raft do-
mains function as apical membrane targeting platforms.
However, a correlation between apical targeting and associ-
ation with detergent-resistant membranes was not observed
when apical NKCC chimeras were analyzed, suggesting that
the apical chimeras do not achieve their polarized distribu-
tion through any long-term, stable interactions with lipid
rafts. The precise nature of the NKCC2 apical sorting deter-
minants and the mechanism through which they are inter-
preted remain to be determined.

Newly synthesized proteins can reach the apical plasma
membrane via either direct delivery from TGN or by trans-
cytosis following delivery from the TGN to the basolateral
membrane. For technical reasons, we were unable to verify
whether the apical chimeras generated in this work were
delivered to the apical membrane by a direct or indirect
pathway. Thus, although in MDCK cells the majority of
apical proteins have been shown to follow a direct route to
the apical membrane, we cannot exclude the possibility that
the NKCC apical chimeras may reach the apical surface
through a pathway involving transcytosis.

In the basolateral NKCC1 the biochemical nature of the
signal responsible for polarized sorting could be much more
precisely determined. A comparative interspecies analysis of
the amino acid region of NKCCI1 carrying the presumptive
basolateral sorting information revealed a highly conserved
dileucine motif in position 989-990 in human NKCCI that is
absent in NKCC2. Mutagenesis of these two residues to
alanine in NKCCI1 resulted in the apical localization of the
mutant protein (NKCC1-LL/AA), demonstrating that this
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dilucine motif constitutes the smallest essential component
of the basolateral sorting signal in the NKCC1 protein.

The dileucine motif has been well characterized as a ba-
solateral sorting signal in the cytoplasmic terminus of sev-
eral membrane proteins that are delivered to the basolateral
membrane. Dileucine motifs in the C terminus of the epithe-
lial adhesion molecule E-cadherin (Miranda ef al., 2001),
sulfate/bicarbonate/oxalate anion exchange sat-1 (Regeer
and Markovich, 2004), Fc receptors (Newton et al., 2005), and
melanoma cell adhesion molecule (MCAM)-1 cell adhesion
molecule (Guezguez et al., 2006) direct each of these pro-
tein’s basolateral sorting.

The surprising observation that the NKCC1-LL/AA mu-
tant behaves as an exclusively apical protein suggests the
presence of cryptic apical sorting information in this region
of NKCC1 that specifically interacts with the apical sorting
machinery once the dominant basolateral sorting signal is
removed. The presence of multiple hierarchical targeting
signals has been demonstrated for several transmembrane
proteins, for which deletion of a basolateral targeting se-
quence reveals the existence of a subordinate apical target-
ing determinant (Yokode et al., 1992; Hobert and Carlin,
1995; Koivisto et al., 2001).

Analysis of the genomic structures of NKCC1 and NKCC2
shows that the two transporters have essentially identical
intron—exon organization except that NKCC1 contains one
additional exon. The additional exon 21 is only 16 amino
acids in length and includes the dileucine sorting signal that
we have identified in the C terminus of NKCC. The TQ-
PLLKK sequence containing the dileucine is fully conserved
in vertebrate NKCCls, and the TQPLL sequence is also
present in the single NKCC in hagfish (Hypotreti), the clos-
est relative of true vertebrates. This observation indicates
that the basolateral sorting motif was present in the ancestral
genome, and that its loss from NKCC2 subsequent to ge-
nome duplication resulted in a vertebrate Na-K-ClI cotrans-
porter that is apically targeted.

The MCAM is expressed as two isoforms, MCAM-1 (long)
and MCAM-s (short), differing by the cytoplasmic region
generated by alternative splicing of exon 15 (Vainio et al.,
1996). When expressed in MDCK cells, MCAM-l and
MCAM:-s are addressed to the basolateral and apical mem-
branes, respectively. Exon 15 in MCAM-l includes a
dileucine motif responsible for its basolateral localization. In
contrast, a splice-induced frameshift produces apically-tar-
geted MCAM-s, whose C terminus might interact with a
postsynaptic density 95/disc-large/zona occludens domain
(Guezguez et al., 2006). Our data demonstrate that, in addi-
tion to alternative splicing, loss of an exon at the genomic
level after gene duplication can result in the creation two
closely related gene products that manifest distinct sorting
behaviors.

In NKCC1, exon 21 has been previously shown to be
optionally spliced, so that although the encoded residues are
present in NKCC1 in most tissues including secretory epi-
thelia, they are absent from NKCC1 expressed in neuronal
tissue (Randall et al., 1997). Consistent with our 8¢Rb* influx
experiments reported in Figure 5, the absence of this se-
quence region has been shown to have no effect on NKCC1
function in transfected MDCK-LKC1 cells (Vibat ef al., 2001).
Dileucine motifs have been shown to function as dendritic
targeting signals for a variety of proteins expressed in neu-
rons, such as the Kv4.2 potassium channel (Rivera ef al.,
2003). NKCC1 functional activity has been demonstrated to
be present on glutamatergic presynaptic nerve terminals
projecting to ventromedial hypothalamic neurons and in the
axon initial segment in cortical principal neurons, where it
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creates an outwardly directed Cl -driving force associated
with GABA-induced presynaptic depolarization (Jang et al.,
2001; Khirug et al., 2008). The axonal expression of neuronal
NKCCT1 activity is entirely consistent with the idea that loss
of the dendritic targeting information inherent in the exon 21
dileucine motif, in this case by alternative splicing, provides
individual cell types with the capacity to direct NKCC ac-
tivity to the specific plasma membrane domains demanded
by each cell’s physiological requirements. It will be interest-
ing to determine, therefore, whether the neuronal splice
isoform of NKCC1 is, in fact, completely restricted in its
distribution to axonal membranes.

Our data indicated that the IV-V region of the C terminus
of NKCC2 is required for apical sorting of the cotransporter
protein. The sequence of the IV-V region of NKCC1 corre-
sponds roughly to the residues encoded by NKCC1 exons 20
and 21 (Figure 9B). It is important to note that all of the
exon—intron boundaries surrounding exons 20—22 are sym-
metrical (that is, all are phase 1 with regard to the reading
frame), which means that exons can theoretically be used or
not without affecting the reading frame of the rest of the C
terminus. The sequence of exon 20 is extremely poorly con-
served between NKCC1 and NKCC2 (Figure 9A), further
suggesting the interesting possibility that the apical sorting
of NKCC2 is a product both of the loss of the dileucine motif
encoded by exon 21 as well as the unique degree of diver-
gence in the sequence of NKCC2 exon 20 from that of its
counterpart in NKCC1.

Among the 16 dileucines in the NKCC1 sequence, the
dileucine in exon 21 is identified here as containing func-
tionally significant basolateral targeting information. On the
basis of primary sequence, the secondary structure of the
IV-V region of NKCCs is predicted to be relatively disor-
dered (Supplemental Figure 2). We have found that neither
the upstream acidic region nor the conserved TQP preceding
the dileucine are needed for basolateral sorting of NKCC1.
Thus, it is possible that surface exposure and peptide flexi-
bility are two elements that enable this particular dileucine
to direct basolateral targeting. Future structural studies will
be required to understand both why the exon 21 dileucine
motif is uniquely accessible to the sorting machinery, and
how the IV-V and V-VI regions of the NKCC2 sequence
collaborate to create a conformation that specifies apical
targeting.
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