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The Na-K-Cl Cotransporters
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The Na-K-Cl cotransporters are a class of membrane proteins that transport Na, K, and Cl ions
into and out of a wide variety of epithelial and nonepithelial cells. The transport process mediated
by Na-K-Cl cotransporters is characterized by electroneutrality (almost always with stoichiometry
of 1Na:1K:2Cl) and inhibition by the “loop” diuretics bumetanide, benzmetanide, and furosemide.
Presently, two distinct Na-K-Cl cotransporter isoforms have been identified by cDNA cloning and
expression; genes encoding these two isoforms are located on different chromosomes and their
gene products share approximately 60% amino acid sequence identity. The NKCC1 (CCC1, BSC2)
isoform is present in a wide variety of tissues; most epithelia containing NKCC1 are secretory
epithelia with the Na-K-Cl cotransporter localized to the basolateral membrane. By contrast,
NKCC2 (CCC2, BSC1) is found only in the kidney, localized to the apical membrane of the
epithelial cells of the thick ascending limb of Henle’s loop and of the macula densa. Mutations
in the NKCC2 gene result in Bartter’s syndrome, an inherited disease characterized by hypokalemic
metabolic alkalosis, hypercalciuria, salt wasting, and volume depletion. The two Na-K-Cl cotrans-
porter isoforms are also part of a superfamily of cation-chloride cotransporters, which includes
electroneutral K-Cl and Na-Cl cotransporters. Na-K-Cl cotransporter activity is affected by a large
variety of hormonal stimuli as well as by changes in cell volume; in many tissues this regulation
(particularly of the NKCCI isoform) occurs through direct phosphorylation/dephosphorylation of
the cotransport protein itself though the specific protein kinases involved remain unknown. An
important regulator of cotransporter activity in secretory epithelia and other cells as well is
intracellular [CI] ([C1];), with a reduction in [CI]; being the apparent means by which basolateral
Na-K-Cl cotransport activity is increased and thus coordinated with that of stimulated apical Cl
channels in actively secreting epithelia.

KEY WORDS: Na-K-Cl cotransporter; K-Cl cotransport; Na-Cl cotransport; bumetanide; furosemide;
cell volume regulation; epithelia; kidney.

INTRODUCTION

Cotransport of sodium plus potassium was first
described in the early 1970s in red blood cells by
Wiley and Cooper.®¥ It was not until several years
later that the dependence of this cotransport process
on chloride was reported,“? and in 1980 Geck and
coworkers'? provided the first definitive evidence for
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the electrically neutral cotransport of Na, K, and Cl
ions, with stoichiometry of 1Na:l1K:2Cl, in Ehrlich
ascites tumor cells.

Na-K-Cl cotransporters are now known to be
present in numerous, diverse tissues from a wide vari-
ety of animal species, where they serve a number of
vital physiological functions including ion transport
across secretory and absorptive epithelia, maintenance
and regulation of cell volume and ion gradients, and
possibly modulation of cell growth and development
(see Refs. 23, 38, and 62 for recent reviews). In all
cells and tissues in which these transporters have been
described, the Na-K-Cl cotransporters share several
basic properties: (1) The cotransport process is electro-
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neutral, with a stoichiometry of 1Na:1K:2Cl in nearly
all cases, and with an absolute requirement that Na,
K, and Cl all be present on the same side of the mem-
brane for net transport to occur. (2) Net transport may
occur into or out of the cells, the magnitude and direc-
tion of this transport being determined by the sum of
the chemical potential gradients of the transported ions,
Na, K, and CI (the Cl term being squared due to the
stoichiometry of cotransport). (3) Transport is inhibited
by the 5-sulfamoylbenzoic acid “loop” diuretics, which
include (in increasing order of potency) furosemide,
bumetanide, and benzmetanide. The cotransport mech-
anism and its inhibition by “loop” diuretics have been
reviewed elsewhere. 72340

During the past several years, two distinct but
highly homologous isoforms of Na-K-Cl cotransport
proteins have been identified by cDNA cloning,
sequencing, and functional expression.(6.17.636588) [p
addition, cDNAs encoding several additional proteins
sharing significant amino acid sequence homology
have been identified; the latter proteins include the
thiazide-sensitive Na-Cl cotransporters''”'® and two
different isoforms of electrically neutral K-Cl cotrans-
porters.?*%4 These findings establish the existence of
a superfamily of related cation-chloride cotransporters,
as was previously proposed.?® The identification of
cDNAs encoding the Na-K-ClI cotransporters and the
expression of the cotransport proteins has provided
researchers with important new means to examine the
distribution of the different cotransporter isoforms in
various tissues, as well as the regulation of these trans-
porters at a molecular level. This review will focus on
certain molecular aspects of the Na-K-Cl cotransport-
ers, including the distribution of Na-K-Cl cotransporter
isoforms in different cells and tissues and how this
may relate to cotransporter function in these tissues,
the primary structure and predicted secondary structure
of Na-K-ClI cotransport proteins and other members
of the cation-chloride cotransporter superfamily, and
the regulation of Na-K-Cl cotransport, particularly by
phosphorylation/dephosphorylation of the cotransport
protein and by putative interaction with cytoskeletal
proteins.

DISTRIBUTION OF Na-K-Cl
COTRANSPORTER ISOFORMS

As noted above, two distinct isoforms of the Na-
K-CI cotransporter, NKCC1 and NKCC2, have been
identified to date. A cDNA encoding NKCC1 was first
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cloned from the shark rectal gland,®® a well-studied
secretory epithelium with a high density of Na-K-
Cl cotransporters in its basolateral cell membrane as
determined from ion transport and “loop” diuretic
binding studies.” Subsequently, cDNAs encoding
NKCCI1 have been cloned from other secretory epithe-
lia, including T84 cells, a human colonic epithelial
cell line,®® and cultured inner medullary collecting
duct cells (mIMCD-3) from mouse kidney.® By north-
ern blot analysis, NKCC1 is present in a wide variety
of tissues, including salivary gland, stomach, lung,
trachea, and pancreas, all possessing secretory epithe-
1ia.©%6>89 These analyses as well as immunohist-
chemistry and in-situ hybridization also demonstrated
the presence of NKCC1 mRNA in nonepithelial tissues
such as heart, skeletal muscle, and neurons.(9:65.67.86)
Recently, a cDNA encoding the bovine aortic endothe-
lial cell Na-K-Cl cotransporter was cloned and
sequenced, and the predicted protein was found to
exhibit ~95% amino acid identity with the T84 cell
cotransporter sequence,®® further supporting the con-
clusion that most if not all nonepithelial Na-K-Cl
cotransporters are of the NKCC1 isoform. In intact
secretory epithelia, NKCC]1 protein is localized specif-
ically to the basolateral cell membrane, as demon-
strated by immunofluorescence studies using
monoclonal, anti-cotransporter antibodies,®! as well
as [*H]bumetanide binding studies (e.g., Ref. 25).
These basolateral cotransporters mediate a net salt
influx into the cells, and in doing so act in concert
with apical Cl channels and basolateral K channels to
produce net salt and fluid secretion in these epithelia
(see Regulation of Na-K-ClI Cotransport, below). Pan-
els A and B of Fig. 1 exhibit the cellular distribution
of Na-K-Cl cotransport protein in parotid acinar epithe-
lium, a secretory epithelium containing the NKCC1
isoform. One notable exception to the basolateral dis-
tribution of NKCCl is in the rat choroid plexus, where
the apical localization of NKCC1 argues against its
involvement in ion secretion into cerebrospinal
fluid.©”

In contrast to NKCC1, the NKCC? isoform of
the Na-K-CI cotransport is localized exclusively to
the kidney.®!763 NKCC2 shares ~60% amino acid
sequence identity with NKCC1 (Table I; also see
below), and these two Na-K-Cl cotransporter isoforms
clearly represent different gene products. In the mouse,
NKCC1 has been mapped to chromosome 18 and the
NKCC2 gene to chromosome 2.7 Immunofluores-
cence studies with anti-cotransporter antibodies, such
as depicted in panels C and D of Fig. 1, have localized



The Na-K-ClI Cotransporters

PT

3

Fig. 1. Immunolocalization of Na-K-ClI cotransporters in cryosec-
tions of rabbit parotid gland (NKCC1, panels A and B) and of
rabbit renal cortex (NKCC2, panels C and D). Tissue sections were
incubated with antibody T4, a mouse monoclonal antibody raised
against a fusion protein fragment encompassing the carboxy-termi-
nal 310 amino acids of human colonic NKCC1, followed by fluores-
cein isothiocyanate-conjugated anti-mouse 1gG. Antibody T4 reacts
with both NKCC1 and NKCC?2 isoforms of Na-K-CI cotransport-
ers.“" A: Immunofluorescence microscopy reveals Na-K-CI
cotransporters localized to the basolateral membranes of parotid
acinar cells, with no apical labeling (arrows). B: Phase-contrast
image of same field shown in A (magnification X 650). The acinar
lumens (arrows) are partially collapsed in these unstimulated cells.
C: Na-K-Cl cotransporters of renal cortex are localized to the apical
membrane (L = lumen) of cells lining the thick ascending limb of
Henle’s loop (TAL). No staining is detected in the proximal tubule
(PT). D: Phase-contrast image of same field shown in C (magnifica-
tion X 650). Reproduced from Lytle er al.®" with copyright permis-
sion from The American Physiological Society.

NKCC2 to the apical membrane of the epithelial cells
of the thick ascending limb of Henle’s loop [TAL],*%3"
consistent with the known site of action of the 5-
sulfamoylbenzoic acid “loop” diuretics. Notably,
antibodies specifically directed against NKCCI1 failed
to label the TAL in immunofluorescence studies."
In-situ hybridization studies®® have also demonstrated
NKCC2 in the macula densa, where apical Na-K-Cl
cotransport may play an important role in the “chlo-
ride-sensing” function of these cells.¥

Payne and Forbush® identified three alterna-
tively spliced forms of NKCC?2 in the rabbit kidney,
with the region of divergence between these NKCC2
variants being an alternatively spliced cassette exon
encoding most of the predicted second transmembrane
domain and part of the putative intracellular loop con-
necting transmembrane domains 2 and 3 (63; also see
below). Payne and Forbush®® also found that one form
(B) of NKCC2 was expressed only in the cortex, a
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second (F) only in the medulla, and the third (A) in
both cortex and medulia by northern blot analysis.
These latter findings were confirmed and extended by
in-situ hybridization studies of Igarashi ef al.®” in the
mouse kidney, which localized the B form primarily
to the cortical TAL (cTAL), and detected the greatest
levels of expression of A and F forms in the outer and
inner stripes, respectively, of the outer medulla. In
studies of Yang er al.®” using dissected tubule seg-
ments from rat kidney and reverse transcription—
polymerase chain reaction (RT-PCR), the B form of
NKCCI1 was detected exclusively in the cortical TAL
(cTAL) and macula densa, the F form exclusively in
the medullary TAL (mTAL), and the A form in cTAL,
macula densa, and mTAL.

This distribution of NKCC2 splice variants may
in part be responsible for differences in Na-K-ClI
cotransport activity and regulation along the nephron.
For example, in the mouse kidney isolated mTAL seg-
ments respond to cell shrinkage in the presence of
antidiuretic hormone with a volume-regulatory
response mediated in part by Na-K-Cl cotransport,
whereas isolated cTAL segments fail to exhibit such
a response under identical conditions.®” Interestingly,
the region of NKCC2 encoded by the alternatively
spliced cassette exon is rich in serine and threonine
residues, potential sites for regulatory phosphorylation
that are not entirely conserved among the A, B, and
F variants of NKCC2.® However, the majority of
these serine and threonine residues (and all but one of
these that is not conserved among A, B, and F forms)
lie within putative transmembrane domain 2,¥ and
as such may not be accessible to the protein kinase(s)
and phosphatase(s) involved in cotransporter regula-
tion (see Regulation of Na-K-Cl Cotransport, below).
Two additional splice variants of mouse NKCC2 have
been reported by Mount et al.®”; these forms differ
at their carboxy-terminal ends and have different con-
sensus phosphorylation sites for cyclic AMP-depen-
dent protein kinase (PKA) and protein kinase C (PKC).
Furthermore, these two variants differ in their response
to cyclic AMP (cAMP) when expressed in Xenopus
oocytes.®” Both transcripts have been identified in
mouse cortex and outer medulla by northern blot and
RT-PCR®”, but further characterization of their distri-
bution along the nephron has not yet been reported.

Recently, it was demonstrated by genetic linkage
analysis that frameshift and nonconservative missense
mutations in the NKCC2 gene result in Bartter’s syn-
drome, a hereditary (autosomal recessive) condition
that typically presents in infancy and is characterized
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Table I. Properties of Known Cation-Chloride Cotransporter Superfamily Members

NKCCI1

Also known as: CCCl1, BSC2

Prototype: Shark rectal gland Na-K-Cl cotransporter®®

Distribution;
Stoichiometry:
Inhibitors:

Size of mRNA:

Mass of protein:

Homology:

NKCC2

Also known as:
Prototypes:
Distribution:
Stoichiometry:
Inhibitors:

Size of mRNA:

Mass of protein:

Homology:

NCC

Also known as:
Prototypes:
Distribution:
Stoichiometry:
Inhibitors:

Size of mRNA:

Mass of protein:

Homology:

KCC1
Prototypes:
Distribution:
Stoichiometry:
Inhibitors:

Size of mRNA:

Mass of protein:

Homology:

KCC2
Prototype:
Distribution:
Stoichiometry:
Inhibitors:

Size of mRNA:

Mass of protein:

Homology:

Secretory epithelia (basolateral membrane); choroid plexus (apical membrane); nonepithelial tissues

INa:1K:2Cl

Bumetanide > furosemide, insensitive to thiazides

7.0-7.5 kb

~130 kDa (deglycosylated)

~60% amino acid identity with NKCC2; ~45% amino acid identity with NCC: ~25% amino acid identity with
KCCI and KCC2

CCC2, BSCI

Rabbit and rat kidney Na-K-Cl cotransporters!76¥

Kidney (alternatively spliced variants in cortex and/or medulla)

INa:1K:2Cl

Bumetanide > furosemide; insensitive to thiazides

4.6-5.2 kb

120-130 kDa (deglycosylated)

~60% amino acid identity with NKCC1; 45-48% amino acid identity with NCC; ~25% amino acid identity
with KCC{ and KCC2

CCC3, TSC

Winter flounder urinary bladder and rat kidney Na-Cl cotransporters!!7-!®

Teleost urinary bladder, distal tubule of mammalian kidney (apical membrane)

INa:1Cl, K-independent

Metolazone and other thiazide diuretics; insensitive to bumetanide

3.0-44 kb

~110kDa (deglycosylated)

~45% amino acid identity with NKCC1; 45-48% amino acid identity with NKCC2; ~25% amino acid identity
with KCCI and KCC2

K-ClI cotransporters of many tissues including kidney, brain, erythrocytes'?”

Above, plus heart, lung, liver, muscle, stomach, colon, placenta

1K:1Cl, Na-independent

Furosemide > bumetanide; insensitive to thiazides

3.8 kb

~120 kDa (deglycosylated)

67% amino acid identity with KCC2; ~25% amino acid identity with NKCC1, NKCC2 and NCC

Rat brain K-C] cotransporter®

Neuronal-specific

Not certain; probably 1K:1Cl, Na-independent

Not tested

5.6 kb

124 kDa (predicted)

67% amino acid identity with KCC1; ~25% amino acid identity with NKCC1, NKCC2 and NCC

by renal salt wasting, hypovolemia, hypokalemic meta-
bolic alkalosis, and hypercalciuria.’7” Patients with
Bartter’s syndrome are homozygous for mutations in
the NKCC2 gene, and the great majority studied to
date have the identical mutation on both chromosomes,
due to parental consanguinity.”’® Erythrocyte Na-K-
Cl cotransport activity has been found to be normal
in patients with Bartter’s syndrome,!” suggesting that

NKCCI1 is unaffected in this disease. Bartter’'s syn-
drome in some ways resembles, but is distinct from
Gitelman’s syndrome, another autosomal recessive
condition leading to hypokalemic metabolic alkalosis;
the latter typically presents later in life with hypo-
calciuria, hypomagnesemia, and without severe vol-
ume depletion.”” Genetic linkage analysis”® has
linked Gitelman’s syndrome to nonconservative muta-
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tions in the gene for the renal thiazide-sensitive Na-
Cl cotransporter, NCC, which shares significant amino
acid sequence homology with NKCCI and NKCC2

(Table I; also see below).

STRUCTURE OF Na-K-Cl COTRANSPORT
PROTEINS: THE CATION-CHLORIDE
COTRANSPORTER SUPERFAMILY

NKCC1, NKCC2, and NCC are each members
of a superfamily of genetically distinct, but structurally
and functionally related membrane proteins termed the
cation-chloride cotransporter (CCC) superfamily.?¥
Properties of the currently known members of this
superfamily are summarized in Table 1. The CCC
superfamily also comprises two distinct K-Cl cotrans-
porter isoforms, the ubiquitous KCC1, and the neu-
ronal-specific KCC2.22%%9 Each member of the CCC
superfamily shares varying degrees of amino acid
sequence identity with the other superfamily members,
ranging from 67% between the two KCC isoforms to
~25% between the KCC isoforms and the other CCCs.
Evidence to date suggests that a single subunit is suffi-
cient for cotransporter function (e.g., Ref. 86), though
this has yet to be definitively addressed. These proteins
also share a common predicted secondary structure.
As illustrated in Fig. 2 (which shows the predicted
secondary structure for NKCC1 from shark rectal
gland), this secondary structure is characterized by 12
predicted transmembrane domains, and hydrophilic,
putatively intracellular amino- and carboxy-terminal
domains. As shown for NKCC1 in Fig. 2, each member
of the CCC superfamily also possesses one or more
potential N-linked glycosylation sites on predicted
extracellular loops of the protein, and several consen-
sus phosphorylation sites for known protein kinases
within the predicted amino- and carboxy-terminal
domains.(©17:18:20.63.64.6586.88) The presence of potential
extracellular glycosylation sites is consistent with the
decrease in apparent molecular mass on SDS-poly-
acrylamide gels that has been demonstrated for several
of these proteins in their physiological plasma mem-
brane environment following treatment of the mem-
branes with an aminoglycosidase.!!”2%5 Site-directed
mutagenesis performed on the rat renal Na-Cl cotrans-
porter (NCC; Table I) demonstrated that Asn 404, a
potential N-linked glycosyiation site that is highly con-
served among CCC superfamily members (and corres-
ponds to the glycosylation site closest to the amino-
terminus among those indicated in the extracellular
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Fig. 2. Model of the shark rectal gland Na-K-Cl cotransport protein
(NKCCI), based on its cDNA sequence and hydropathy and second-
ary structural analyses. Each link symbolizes a single amino acid
residue, of which there are a total of 1191. Amino- and carboxy-
termini are indicated by “NH,” and “COOH,” respectively.
Branched lines indicate potential glycosylation sites between puta-
tive transmembrane segments 7 and 8. Biochemically identified
phosphorylated threonine residues (positions 189 and 1114; Refs.
49, 86) are indicated by open diamonds with an adjacent “P.” The
proposed secondary structure of this protein with 12 transmembrane
helices and large intracellular amino- and carboxy-terminal domains
is shared by other members of the cation-chloride cotransporter
(CCC) superfamily that have been cloned and sequenced (Table 1.)

loop between transmembrane domains 7 and 8 in Fig.
2), is in fact glycosylated when NCC protein is
expressed in Xenopus oocytes.®® Both glycosylated
and unglycosylated forms of NCC could be expressed
in the oocyte plasma membrane, though kinetic analy-
sis of transport studies suggested that glycosylation
may augment cell surface expression of NCC.(6®
The greatest degree of sequence homology among
members of the CCC superfamily is in the predicted
transmembrane domains, and in putative intracellular
loops connecting these domains, particularly the large
loop connecting the second and third transmembrane
domains, ©17:18206364.658685 Regions of significant
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homology are also noted within the carboxy-terminal
domain, and to a lesser extent within the amino-termi-
nal domain. Regions exhibiting a high degree of
homology among different CCC family members also
tend to exhibit the greatest degree of cross-species
homology (e.g., between human and shark NKCCI;
Ref. 65). By contrast, considerable divergence between
the primary structures of CCC superfamily members
is noted in the putative extracellular loops connecting
transmembrane domains, which are likely to represent
sites involved in the binding of ions and inhibitors.
These differences in primary structure are thus likely
to underlie the marked differences in ion and inhibitor
selectivity and affinity between CCC superfamily
members. Studies employing site-directed mutagenesis
are just beginning to provide information as to specific
regions of cotransport proteins that may be involved
in the binding of specific ions and/or inhibitors. Isenr-
ing and coworkers®!?2 recently studied the ion and
bumetanide affinities of several different chimeras of
human colonic NKCC! and shark rectal gland
NKCCI; these two Na-K-Cl cotransporters exhibit
rather different affinities for extracellular Na, K, Cl,
and bumetanide. They found that changes in the region
of predicted transmembrane domain 2 affected cation
but not chloride affinity, and that a 145-amino acid
sequence spanning from predicted transmembrane
domains 4-7 determined chloride affinity. These work-
ers®? also concluded that bumetanide binding was
likely to be influenced primarily by regions of the
molecule beyond the seventh predicted transmembrane
domain, consistent with recent evidence that bumeta-
nide binding to the rabbit parotid Na-K-Cl cotrans-
porter, though strongly influenced by extracellular
[C1], does not appear to occur at a chloride transport
site.®

It is likely that in the upcoming years additional
members of the CCC superfamily will be added to
those listed in Table 1. Considerable homology is
known to exist between NKCC and KCC isoforms and
sequences present in cyanobacteria and Caenorhab-
ditis elegans.*>3-6389 [t also remains to be determined
what the relationship may be between the molecules
listed in Table I and several described cation-chloride
cotransporters with notably different properties,
including electrogenic K-Cl cotransporters,> bumeta-
nide-sensitive, K-independent Na-Cl cotransporters in
mouse and rabbit mTAL,"'* and the Na-K-ClI
cotransporter of squid giant axon, which has a reported
stoichiometry of 2Na:1K:3CL.®

Haas and Forbush III

REGULATION OF Na-K-Cl COTRANSPORT

The regulation of Na-K-Cl cotransport is
extremely diverse, and varies greatly among different
cells and tissues (e.g., see Table 2 of Ref. 22). In
addition to various hormones, second messengers, and
other physiological perturbations (e.g., changes in cell
volume) that influence the activity of the cotransporter
protein in the plasma membrane, Na-K-Cl cotransport
may also be regulated at the level of mRNA transcrip-
tion. This section of the review will examine several
aspects of Na-K-Cl cotransport regulation but will
focus primarily on two: regulatory phosphorylation/
dephosphorylation of the Na-K-Cl cotransport protein,
and regulation of cotransport activity by cytoskeletal
proteins that may interact with the cotransporter. It is
hypothesized that these represent two highly distinct
mechanisms for Na-K-Cl cotransport regulation: phos-
phorylation puts the cotransport protein in an “active”
conformation that readily binds Na, K, and CI ions
(as well as “loop” diuretics), whereas interaction with
specific cytoskeletal elements is required for effective
ion translocation once the appropriate ion binding sites
on the protein are fully occupied.

Regulation of Na-K-Cl Cotransporter Gene
Expression

This area of study is essentially in its infancy,
with studies reported to date limited to the kidney and
to the NKCC2 isoform. In two separate studies, chronic
furosemide administration to rats was found to increase
levels of NKCC2 mRNA and protein expression.®>
Chronic oral saline loading also increased NKCC2
protein expression in the rat outer medulla, but a five-
day infusion of vasopressin or water deprivation for
48 hours did not.® Thirsting was also found to have
no effect on cortical expression of NKCC2 protein,®
though in a separate study dehydration of rats was
found to increase Na-K-Cl cotransporter mRNA levels
in microdissected distal convoluted tubules, but not in
the mTAL.®»

Regulation by Phosphorylation/
Dephosphorylation

It has been known for over a decade that the
activation of Na-K-Cl cotransport in various cell types
by a variety of hormonal stimuli and by cell shrinkage
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is blocked by different protein kinase inhibitors, and
that several different inhibitors of protein phosphatases
activate Na-K-Cl cotransport in the absence of other
stimuli (see Refs. 23 and 62 for reviews). Lytle and
Forbush®® first demonstrated direct phosphorylation
of the Na-K-Cl cotransport protein itself, in shark rectal
gland tubules exposed to cAMP-dependent stimuli of
salt secretion in this epithelium (vasoactive intestinal
peptide [VIP], forskolin) or to hypertonic media. Fur-
thermore, it was shown that the level of cotransport
protein phosphorylation was closely correlated with
the level of specific [*H]benzmetanide binding to intact
rectal gland tubules,* in several tissues including the
shark rectal gland it has been shown that levels of Na-
K-CI cotransport activity and specific [*H]benzmeta-
nide or [*H]bumetanide binding increase or decrease
in approximate proportion to one another in response
to various physiological stimuli or inhibitors, respec-
tively, of Na-K-Cl cotransport (e.g., Refs. 15, 16, 24,
25, 36, 59, 61, and 66). Direct phosphorylation of the
Na-K-ClI cotransport protein in response to hormonal
cotransport stimuli, their putative second messengers,
and cell shrinkage has now been demonstrated in a
number of different tissues containing the NKCC1
isoform, including other secretory epithelia®’8!%2 and
endothelial cells“%?, In the shark rectal gland, phos-
phorylation of NKCC1 occurs on serine and threonine,
but not tyrosine residues, and two phosphothreonine
residues have been identified within the amino-termi-
nal and carboxy-terminal domains of the protein,
respectively (Refs 49 and 86; also see Fig. 2). Still,
the specific protein kinases responsible for cotransport
protein phosphorylation are unknown. Lytle and For-
bush“? hypothesized that cotransport activation by
forskolin in the shark rectal gland is not due to phos-
phorylation of the cotransport protein by PKA, and
shark NKCCl indeed lacks consensus PKA phosphor-
ylation sites.®® Studies in intact tubules isolated from
shark rectal gland provide strong evidence that stimua-
tion of basolateral Na-K-Cl cotransport in this tissue
by VIP and forskolin is entirely secondary to cAMP-
dependent activation of apical chloride channels,®®
supporting the above hypothesis. By contrast, in canine
and human tracheal epithelium, evidence for direct
activation of Na-K-Cl cotransport for PKA has been
presented,®?® though this clearly cannot account for
the full extent of cotransport activation by cAMP-
dependent secretagogues, and cannot account at all for
cotransport activation by cell shrinkage and cAMP-
independent secretagogues such as apical UTP.?32®)
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Although the specific protein kinases responsible
for cotransporter phosphorylation and activation
remain unknown, considerable evidence now exists
that: (1) in secretory epithelia stimulated by hormonal
secretagogues, the activation of basolateral Na-K-Cl
cotransport that occurs results from a true up-regula-
tion of the cotransporter related to cotransport protein
phosphorylation, and is not a thermodynamic effect
releated to changes in ion gradients (reviewed in
Ref. 23); (2) cotransporter phosphorylation and activa-
tion is at least in part secondary to event(s) related
to hormonal activation of apical membrane chloride
channels*2®; and (3) a likely candidate for the intra-
cellular mediator leading to cotransport protein phos-
phorylation is a reduction in intracellular chloride
concentration, [Cl],.*7"® Evidence that a reduction in
[CI];, in the absence of hormonal stimuli or a concomi-
tant cell shrinkage, can activate Na-K-Cl cotransport
was first presented by Breitwieser et al.® in the inter-
nally dialyzed squid giant axon. This finding has been
confirmed and extended in secretory epithelial cells
of the shark rectal gland®” and canine trachea®®-2®;
in both of these cell types lowering [Cl]; in the absence
of secretagogue or concomitant cell shrinkage results
in activation of basolateral Na-K-Cl cotransport, and
approximately proportional increases in specific
“loop” diuretic binding and NKCC1 phosphorylation.
Figures 3 and 4 illustrate an example of this in conflu-
ent primary cultures of tracheal epithelial cells treated
with apical nystatin to increase apical Cl permeability
to a degree where the rate of basolateral-to-apical **Cl
flux is determined by the rate of basolateral *Cl influx
via the Na-K-Cl cotransporter.?® In Figure 3, basolat-
eral-to-apical **ClI flux was first measured for 10 min
at 124 or 66 mM apical [Cl] ([Cl],), after which time
[C1], was decreased from 124 to 66 mM, or from 66
to 32 mM. The experiments were done in the absence
of secretagogue, and cell shrinkage is avoided by sub-
stituting equimolar amounts of nitrate for chloride,
both anions being highly permeant across the nystatin-
treated apical membrane. Decreasing [Cl],, and thus
[Cl);, increased bumetanide-sensitive, basolateral-to-
apical *Cl flux as much as threefold within a 20-min
period (Fig. 3). In the experiment shown in Fig. 4,
similar cultures of tracheal cells were loaded with 3P,
treated with apical nystatin, and then incubated for 20
min with apical media of varying [C]] between 124
and 32 mM (nitrate substitution; Ref. 27). NKCCl,
which has a molecular mass of ~170 kDa in these
cells, was then isolated by immunoprecipitation using
a monoclonal antibody directed against NKCC1 of
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Fig. 3. Effect of reducing apical [Cl] ([Cl],) on basolateral-to-
apical **ClI flux across confluent primary cultures of dog tracheal
epithelial cells, in the presence of apical nystatin. Cultures grown
on Transwell-COL supports (Costar) were preincubated for 10 min
in the presence of apical nystatin (final concentration 350 units/
ml; added from a stock solution in dimethy! sulfoxide, final concen-
tration 0.175% v/v) and 124 mM or 66 mM [Cl], (NO; replacing
Cl); the basolateral medium contained 124 mM [Cl]. Bumetanide
(50 M) was included in the basolateral medium during preincuba-
tion for those incubations which contained bumetanide during flux
determinations. At the start of flux incubations, [Cl], was the same
as present during preincubations; the basolateral medium contained
124 mM {Cl1] (with or without 50 pM bumetanide) throughout all
flux incubations. Nystatin was present apically during the entire 30-
min flux incubation. Data points represent the cumulative amount of
*Cl collected from the apical medium, which was collected and
replaced with fresh medium every 2.5 min. Where indicated, after
collection of the apical medium at 10 min, the apical medium was
changed from 124 mM to 66 mM [CI] (124 mM/66 mM [Cl]) or
from 66 mM to 32 mM [Cl} (66 mM/32 mM [Cl)); this lower level
of [Cl], was then maintained over the ensuing 20 min. Data plotted
on the ordinate represent mean values of three determinations (
S.D.; error bars, for incubations without bumetanide) or of two
determinations (incubations with bumetanide), using cells cultured
from two different dog tracheas. The lines linking the data points
were drawn by eye. *The amount of **C] accumulated in the apical
medium during the specific 2.5-min period ending at the time
indicated on the abscissa is significantly different (p < 0.05 by
paired ¢ test) from that accumulated during the same time period
with [Cl], = 124 mM. Reproduced from Ref. 26 with copyright
permission from The American Physiological Society.

human colonic epithelial cells. The autoradiogram in
Fig. 4 shows a progressive increase in NKCC1 phos-
phorylation in cells exposed to decreasing levels of
[Cl],, and thus having decreasing levels of [Cl];. Cells
incubated for 20 min with 32 mM [Cl], had ~3-fold
higher levels of NKCCI1 phosphorylation than cells
incubated under identical conditions except that [Cl],
was 124 mM; this increase in phosphorylation is simi-
lar to the increase in Na-K-Cl cotransport activity noted
in similarly incubated cells (see Ref. 27; also see
above).
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Evidence that reducing [Cl]; stimulates Na-K-Cl
cotransport has also been presented in HEK-293
cells,® endothelial cells,®” and Ehrlich ascites tumor
cells.”” In rat parotid acini, Robertson and Foskett''"
showed that carbachol-stimulated net salt and fluid
secretion was accompanied by a rise in intracellular
ionized calcium and a fall in [Cl]; and in cell volume,
and that the changes in calcium and in [Cl};, but not
the cell shrinkage, were required for the increase in
basolateral sodium influx that is an essential compo-
nent of net secretion. In this tissue, basolateral sodium
influx is mediated by both Na/H exchange and Na-K-
Cl cotransport; if the results of Robertson and
Foskett”" apply to Na-K-Cl cotransport this would
extend the above-cited studies in other secretory epi-
thelia by confirming that a fall in [Cl];, and not cell
shrinkage [which occurs at least transiently in response
to secretagogues in multiple secretory epithelia (e.g.,
Ref. 75) and as noted above also results in direct
phosphorylation of NKCC1], is the primary signal cou-
pling apical Cl channel and basolateral Na-K-Cl
cotransport activities during secretion. An alternative
mechanism proposed for the upregulation of basolat-
eral Na-K-ClI cotransport in carbachol-stimulated rat
parotid acini is that the generation of a product of the
cytochrome P450 pathway of arachidonate metabolism
is the primary signal for this event, rather than a
decrease in [Cl]."? Cytochrome P450 arachidonate
metabolites have been shown to regulate Na-K-Cl
cotransport activity in rabbit mTAL cells, though in
the latter the effect of these metabolites on cotransport
is inhibitory rather than stimulatory.('%-!"

The concepts of cell volume-sensitive and [Cl};-
sensitive protein kinases have drawn significant inter-
est over the past several years. A protein kinase (V-
kinase) that is deactivated by cell swelling has been
postulated to be involved in the regulation of the eryth-
rocyte K-Cl cotransporter (KCC1).%** V-kinase activ-
ity is proposed to inhibit K-Cl cotransport, and
staurosporine, a nonspecific inhibitor of serine-threo-
nine protein kinases, has been found to activate K-
Cl cotransport in erythrocytes.*!'¥ However, evidence
suggests that factors in addition to phosphorylation/
dephosphorylation regulate erythrocyte K-Cl cotrans-
port activity,”® and (unlike the case with NKCC1)
direct, regulatory phosphorylation of KCC1 has not
yet been demonstrated. The identity of the V-kinase
also remains unknown:; it is not PKA or PKC though
in swollen avian erythrocytes activation of PKA does
inhibit K-Cl cotransport while simultaneously stimu-
lating Na-K-Cl cotransport.?® K-Cl cotransport in
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Fig. 4. Phosphorylation of the dog tracheal epithelial Na-K-Cl
cotransport protein in response to increasing degrees of reduced
[Cl}; in the absence of secretagogues. *2P-labeled Transwell cultures
(six per sample) similar to those used in the experiments described
in Fig. 3 were incubated for 20 min with 350 units/ml apical nystatin
and 124 mM apical [Cl], followed by an additional 20 min of
incubation in the continued presence of apical nystatin and 124
mM apical [Cl] (control; lane 1), 66 mM apical [CI] (lane 2), 49
mM apical [Cl] (lane 3), or 32 mM apical [C]] (lane 4). Nitrate
substituted isosmotically for Cl; under these conditions apical [C1]
can be reduced from 124 to 32 mM without concurrent cell shrink-
age.®® After the incubations, plasma membranes were isolated from
each sample by sonication followed by centrifugation before SDS
solubilization of proteins. The SDS-solubilized membrane proteins
were then subjected to immunoprecipitation using antibody T4 (see
Fig. 1 legend). Immunoprecipitated material was run on a SDS-
polyacrylamide gel and proteins were transferred to Immobilon for
autoradiography and subsequent western blotting with antibody T4.
The upper portion of the figure shows the autoradiogram; the lower
portion shows the ~ 170 kDa region of the western blot subsequently
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sheep erythrocytes also appears to be influenced by
tyrosine kinase activity, though in contrast to stauro-
sporine the tyrosine kinase inhibitor genistein has been
found to inhibit K-Cl cotransport in these cells.!!

Two kinase activities that are progressively inhib-
ited by raising [CI] in the range of 50-150 mM have
been described in plasma membranes from human
nasal epithelial cells, though the molecular masses of
the substrates for these latter kinases were found to
be 37 and 45 kDa, clearly different from NKCC1.%%
Kinetic studies of Na-K-Cl cotransport in squid axon
(1) argue against a protein phosphatase being the pri-
mary site of [Cl];-dependent cotransport regulation,
but do not exclude a protein kinase in this regard.
Interestingly, recent data of Lytle“® suggest that reduc-
ing [CI]; and cell shrinkage may each ultimately acti-
vate the same protein kinase that phosphoryiates
NKCC1. Lytle“® found that proteolytic peptide maps
derived from the Na-K-Cl cotransport protein of avian
erythrocytes that underwent hypertonic cell shrinkage,
reduction of [Cl]; at constant cell volume, or exposure
to the protein phosphatase inhibitior calyculin A all
exhibited qualitatively indistinguishable patterns of
phosphorylated peptides.

Role of the Cytoskeleton in Na-K-Cl
Cotransporter Regulation

Present evidence suggests that a number of
cytoskeletal proteins may regulate the activity of both
NKCC1 and NKCC2 isoforms of Na-K-Cl cotransport-
ers, most notable among these being filamentous (F-)
actin. Studies originally performed in the T84 intestinal
epithelial cell line,*> 7 and subsequently in a mouse
mTAL cell line,®> demonstrated that when these cells
are stimulated with agents that increase cellular cAMP
levels, a redistribution of F-actin within the cells
accompanies the increase in transepithelial ion trans-
port that occurs. When the cells are pretreated with
the actin stabilizing agents phalloidin or phallicidin,
not only is the redistribution of F-actin prevented, but
the cAMP-stimulated increase in transepithelial ion
transport (measured as short-circuit current, /g¢) is also

performed on the same transfer. In this experiment, relative amounts
of P incorporation (per unit protein) into the ~170 kDa Na-K-
Cl cotransport protein are: lane 1, 1.0; lane 2, 1.4; lane 3, 2.3; lane
4, 3.0. Reproduced from Ref. 27 with copyright permission from
The American Society for Biochemistry and Molecular Biology.



170

largely inhibited. In T84 cells and mouse mTAL cells,
as well as in the polarized C1.19A subclone of the HT29
intestinal epithelial cell line, this inhibitory effect of
phalloidin on I is due entirely to inhibition of Na-
K-CI cotransport, with no significant effect on other
individual transporters that contribute to Isc, namely
Cl and K channels, and the Na-K pump.523485 In the
CIL.19A cells, the increase in /¢ and in basolateral Na-
K-CI cotransport activity seen in response to cAMP
was accompanied by an increase in [*H]bumetanide
binding, consistent with findings in other secretory
epithelia (e.g., Refs. 15 and 25). By contrast, while
phalloidin loading of these cells inhibited the cAMP-
induced increases in /¢ and in basolateral, bumeta-
nide-sensitive tracer K (*Rb) influx, this treatment
did not inhibit the increase in [*H]bumetanide binding
promoted by cAMP in these cells.®® As discussed
above, both hormonal stimuli of Na-K-Cl cotransport
as well as cell shrinkage promote an increase in bumet-
anide-sensitive ion transport that is paralleled by
increases in specific [*H]bumetanide (or [*H]benzmet-
anide) binding and in phosphorylation of the Na-K-Cl
cotransport protein in a number of cell types, including
secretory epithelia®?"4" and endothelial cells. 405"
Thus, the findings in cAMP-stimulated Cl.19A cells
% suggest that the inhibition of Na-K-Cl cotransport
by phalloidin treatment occurs distal, or subsequent,
to cotransport protein phosphorylation, perhaps at the
level of ion translocation. As noted below, this appears
to be a property that is also observed in another appar-
ent instance of Na-K-Cl cotransport regulation at the
level of the cytoskeleton.

Recent studies in T84 cells®® as well as earlier
studies in Ehrlich ascites cells®® demonstrated Na-K-
ClI cotransport activation by the cytochalasins, which
disrupt F-actin microfilaments. While disruption of
actin filament organization may increase the concen-
tration (in the vicinity of the plasma membrane) of so-
called “short” actin filaments that have been postulated
to be important in the activation of other ion transport-
ers (e.g., epithelial Na channels; Ref. 69), the mecha-
nism of cytochalasin activation of Na-K-Cl
cotransport, and whether this is or is not related to
cotransport protein phosphorylation, remains unclear.
Recent data® suggest that the effect of F-actin on
Na-K-Cl cotransport may be related to, or perhaps
mediated by, two distinct proteins of molecular mass
160 and 130 kDa that coprecipitate with the Na-K-Cl
cotransport protein of T84 cells when the latter protein
is isolated by immunoprecipitation with a monoclonal
antibody directed against NKCCI1. Interestingly, when
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T84 cells were stimulated with cAMP-dependent ago-
nists, levels of these 160 and 130 kDa proteins (but not
of the Na-K-Cl cotransport protein itself) detectable by
cell surface biotinylation increased sixfold, an increase
that was markedly attenuated by pretreating the cells
with phalloidin.”®

Cytoskeletal proteins other than F-actin may also
be involved in Na-K-Cl cotransport regulation. In aor-
tic and umbilical vein endothelial cells, cell shrinkage
concurrently increased Na-K-Cl cotransport activity
and the phosphorylation of myosin light chains (MLC).
Subsequent reswelling of the cells reversed the
increases in both cotransport activity and MLC phos-
phorylation; the time courses of the observed changes
in both of these responses were generally similar fol-
lowing both initial cell shrinkage and reswelling 40
Furthermore, both cotransporter activation and MLC
phosphorylation in response to cell shrinakge were
inhibited by ML-7, an inhibitor of MLC kinase, with
similar dose responses.“” These findings suggested
that either: (1) MLC kinase phosphorylates and acti-
vates the Na-K-Cl cotransporter of shrunken endothe-
lial cells, or (2) that the activation of endothelial cell
Na-K-Cl cotransport by cell shrinkage somehow
involves MLC, and that phosphorylation of MLC is
necessary for this process to occur. Data of Klein and
O’Neill“? support the latter hypothesis, as the phos-
phorylation of the endothelial Na-K-Cl cotransporter,
which is increased by cell shrinkage,“%%® was not
affected by ML-7 under hypertonic conditions. This
finding is also consistent with the hypothesis that regu-
lation of Na-K-Cl cotransport at the level of the
cytoskeleton occurs distal to cotransport protein
phosphorylation.

Urea, which may alter protein—protein interac-
tions as well as tertiary protein structure even at subde-
naturing concentrations, has been found to inhibit Na-
K-ClI cotransport in a mouse mTAL cell line.®*” While
this effect of urea could possibly be related to cotrans-
porter-cytoskeletal interactions, it was found that this
effect could be reversed by removing the urea, and
could be prevented by pretreating the cells with the
protein phosphatase inhibitor okadaic acid (OA). As
such, a more likely explanation for this inhibitory effect
of urea on Na-K-Cl cotransport activity would be that
urea treatment inhibits a constituitively active protein
kinase that activates the cotransporter, or that urea
activates an OA-sensitive protein phosphatase which
deactivates the cotransporter.®”
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FUTURE DIRECTIONS

The Na-K-Cl cotransporters have historically
been relatively difficult to study; their electrically neu-
tral transport mechanism does not allow for studies
using patch-clamp techniques and efforts to examine
cotransporter function or regulation in various subcel-
lular preparations (e.g., membrane vesicles) or in
reconstituted systems have met with only very limited
success. Recent successes in cDNA cloning and func-
tional expression of Na-K-Cl cotransporter isoforms
as well as of Na-Cl and K-Cl cotransporters, and in
the development of specific antibodies directed against
these transport proteins, have already begun to rapidly
accelerate our understanding of the function and regu-
lation of these transporters in different tissues, a pro-
cess that should continue in upcoming years. By
employing recombinant DNA methodologies to pre-
pare functional chimeras of different CCC superfamily
members with different ion and inhibitor affinities and
specificities, specific portions of CCC molecules
responsible for Na, K, Cl, and inhibitor binding can
be deduced. Such studies, as well as experiments
employing site-directed mutagenesis of individual
CCC superfamily members, should aid us in localizing
specific phosphorylation sites involved in cotrans-
porter regulation by hormones, cell shrinkage, and
changes in [Cl];, as well as possible sites of interaction
with cytoskeletal proteins. The expected identification
of additional CCC superfamily members, with distinct
structural and functional similarities and differences
from those already known, can only serve to further
increase our understanding of and general interest in
this unique class of transport proteins.
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