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The Na-Cl Cotransporter is Activated and Phosphorylated at the
Amino Terminal Domain by Intracellular Chloride Depletion*

Diana Pacheco-Alvarezs, Pedro San Cristobaly, Patricia Meade, Erika Morenos§,
Norma Vazquezs, Abigail Diaz:, Maria Eugenia Juarezs, Ignacio Giménez and Gerardo
Gambay
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Tlalpan 14000, Mexico City, Mexico. § Instituto de Ciencias de la Salud, Universidad

Auténoma del Estado de Hidalgo, Pachuca, Hidalgo, Mexico and _Departament of
Pharmacology and Physiology, Facultad de Medicina, Universidad de Zaragoza, Zaragoza,
Spain .

Running title: Regulation of INCC by chloride and phosphorylation

The renal Na+:Cl'cotransporter rNCC is mutated in human disease, is the therapeutic
target of thiazide-type diuretics, and is clearly involved in arterial blood pressure
regulation. rNCC belongs to electroneutral cation-coupled chloride cotransporter family
(SLC12A) that has two major branches with inverse physiological functions and
regulation: Na-driven cotransporters (NCC and NKCC1/2) that mediate cellular CI influx

are activated by phosphorylation whereas, K-driven cotransporters (KCCs) that mediate

cellular CI efflux are activated by dephosphorylation. A cluster of three threonine
residues at the amino terminal domain have been implicated in the regulation of NKCC1/2
by intracellular chloride, cell volume, vasopressin and WNK/STE-20 kinases. Nothing is
known however, about rNCC regulatory mechanisms. By using rNCC heterlogous
expression in Xenopus laevis oocytes, here we show, that two independent intracellular
chloride depleting strategies increased rNCC activity by three-fold. The effect of both
strategies was synergic and dose-dependent. Confocal microscopy of EGFP-tagged rNCC
showed no changes in rINCC cell surface expression, while immunoblot analysis, using the
R5-anti-NKCC1-phosphoantibody, revealed increased phosphorylation of rNCC amino
terminal domain threonine residues T53 and T58. Elimination of these threonines together
with serine residue S71 completely prevented rNCC response to intracellular chloride
depletion. We conclude that rNCC is activated by a mechanism that involves amino

terminal domain phosphorylation.



The renal Na+:Cl_ cotransporter (NCC or TSC, gene symbol: SLC12A3. Locus ID 6559) that is
expressed at the apical membrane of mammalian distal convoluted tubule (DCT) represents the
major salt transport pathway in this segment of the nephron (1-4). Its essential role in preserving
the extracellular fluid volume and blood pressure has been established by the identification of
inactivating mutations of the SLC12A3 gene as the cause of Gitelman’s disease (5;6), an
inherited disorder featuring arterial hypotension, renal salt wasting, hypokalemic metabolic
alkalosis, hypocalciuria, and hypomagnesemia. In addition, a defect in NCC regulation by
serine/threonine kinases WNK1 and WNK4 has been implicated in the pathogenesis of a salt-
dependent form of human hypertension, known as pseudohyopaldosteronism type 1I (PHAII)
(7;8), that features marked sensitivity to hydrochlorothiazide and a clinical picture that is a
mirror image of Gitelman’s disease (9). NCC is the pharmacological target of thiazide type
diuretics that are currently recommended by the Joint National Committee (JNCVII) for the
detection, evaluation, and treatment of high blood pressure as the first line treatment of arterial
hypertension, either as the unique drug or in combination with other antihypertensive agents
(10).

Despite the importance of NCC for cardiovascular and renal physiology, pharmacology and
pathophysiology, little is known about mechanisms by which NCC activity is regulated.

NCC belongs to the super family of electroneutral cation-coupled chloride cotransporters

(SLC12) from which seven members have been identified, at both functional and molecular
+ o+ -
level. NCC, together with two isoforms of the Na :K :2Cl cotransporter, NKCC1 and NKCC2,

+ -
compose the Na-driven branch (NKCCs), and four isoforms of the K :Cl cotransporter compose

the K-driven branch (KCCs). Because these cotransporters are involved in regulation of cell

volume and/or in clamping the intracellular chloride concentration [Cl_]i, it has been proposed

that their activity is regulated by changes in cell volume and/or [Cl_]i, by means of

phosphorylation/dephosphorylation pathways (for review see (11-15).

Several lines of evidence suggest that phosphorylation activates NKCCs and inhibits KCCs
cotransporters, while dephosphorylation inhibits NKCCs and activates KCCs cotransporters.
For instance, cell shrinkage, low intracellular chloride concentration, and protein phosphatase
inhibitors activate NKCC1. Studies in this last cotransporter led to the identification of three
amino terminal threonine residues that become phosphorylated under such stimulatory
conditions (16;17). These threonine residues participate also in the stimulation of NKCC1 and
NKCC2 by serine/threonine kinase WNK3 (18;19), or WNK1-WNK4/STE20 kinases pathway
(20;21), as well as NKCC2 by vasopressin in thick ascending limb cells (22).



Little is known however, about NCC regulation. We have shown that rNCC is partially
inhibited by cell swelling (23) or WNK4 (7), and is remarkably activated byWNK3 (19),

suggesting that, like NKCC1 and NKCC2, NCC could be regulated by cell volume, [Cl-]i or

WNK kinases, at least in part, through phosphorylation of the conserved amino terminal domain

threonine residues. Here we show that rNCC activity and amino terminal domain
phosphorylation is increased by [Cl_]i-depletion strategies. TNCC activation is completely

prevented when the amino terminal domain threonine residues T53 and T58, and serine residue
S71 are eliminated, suggesting that these amino acid residues are absolutely required for such

regulation.



EXPERIMENTAL PROCEDURES
Clones and Mutagenesis.

We used the rat NCC and human KCC2 ¢cDNA’s that we previously cloned from rat kidney and
human brain, respectively (24;25). All site directed mutations were introduced by using the
Quickchange site directed mutagenesis system (Stratagene). Automatic DNA sequencing was

used to confirm all mutations. All primers used for mutagenesis were custom made (Sigma).

+ -
Assessment of the Na :Cl cotransporter function.

rNCC activity was assessed by functional expression in Xenopus laevis oocytes following our

previously published protocols(23;26). Oocytes injected with water or TNCC cRNA (10

ng/oocyte) were exposed to two different conditions that promote a decrease in the [Cl_]i: low
- + N

Cl hypotonic stress and/or coinjection with the K :Cl cotransporter KCC2¢cRNA (10

ng/oocyte). After injection, oocytes were maintained during four days in isotonicND96 (In mM:

96 NaCl, 2 KCl, 1.8CaC12, 1.0 MgClz, and 5.0 HEPES/Tris pH 7.4). The night before the uptake
assay, oocytes were incubated in two different osmolar conditions: isotonic(ND96; ~210

- + +
mOsm/Kg HzO) or low Cl hypotonic stress: 79 mMNa isethionate, 2 mM K -gluconate, 1.8

2+ 2+
mM Ca gluconate, 1.0 mM Mg -gluconate, 5 mM HEPES, ~170 mOsm/Kg H20, pH 7.4).

22 +
Then, tracer Na uptake (New England Nuclear) was assessed in oocytes exposed to
isotonicity using our usual isotonic uptake solution (in mM 40 NaCl, 56 N-methyl-D-glucamine
[NMDG]-CI, 1.8 CaClz, 1.0 MgClz, 5.0 HEPES, pH7.4, 210 mOms/Kg HzO), containing ImM
22 +
ouabain, 0.1 mM amiloride, and 0.1 mM bumetanide, plus 2 uCi of Na per ml. In contrast,
uptake inoocytes exposed to lowCl hypotonic stress was assessed in a similarhypotonic uptake
medium (in mM 40 NaCl, 38N-methyl-D-glucamine [NMDG]-CI, 1.8 CaClz, 1.0 MgClz, 5.0

22 +
HEPES, pH7.4, 170 mOms/Kg HZO), with the same drugs and tracer Na .

22 +
Thus, Na uptake in oocytes injected with water, INCC cRNA alone, INCC + KCC2 cRNA or

any rNCCmutant with or without KCC2 cRNA was assessed under both, regular isotonicand cl
-free hypotonic protocols. Tracer activity was determined for each oocyte dissolved in 10%

SDS byp-scintillation counting.



Assessment of the rNCC expression at the oocytes plasma membrane.

Surface expression of wild type or mutant NCC (see below) was determined with confocal
microscopy by assessing the surface fluorescence in Xenopus oocytes using an amino-terminus
EGFP-NCC fusion construct that we have previously validated (7;19;27-29). In this construct,
the enhanced green fluorescent protein (EGFP) was fused in frame to the amino terminal
domain of NCC. Xenopus oocytes were microinjected with water as control or with EGFP-WT-
tNCC or EGFP-mutant-rNCC cRNA.

Four days later, oocytes were monitored for EGFP fluorescence in the oocytes surface using a
Zeiss laser scanning confocal microscope (objective lensx10, Nikon). Excitation and emission
wavelengths used to visualize EGFP fluorescence were 488 nm and 515-565 nm, respectively.
For densitometry analysis, the plasma membrane fluorescence was quantified by determining
the pixel intensity around the entire oocytes circumference using Sigma ScanPro image analysis

software.
NCC phospho-antibody studies.

We used the previously characterized RS antibody (17) that was raised to detect
phosphorylation of residues T184 and T189 in shark NKCCI1, a generous giftfrom B. Forbush.
In order for rINCC to be recognizable by the RS antibody (see results and discussion), we
constructed a INCC single-mutant Y5S6H-NCC or a quadruple mutant L49Y-Y56H-IS9M-V61A
using custom primers. Oocytes injected with appropriate cRNA constructs were incubated in the
same experimental solutions and for the same time as those described above for functional
analysis. At the end of the incubation period, 4 oocytes per group were homogenized in 100 uL

ice-cold anti-phosphatase solution (in mM: 150 NaCl, 30 NaF, 5.0 EDTA, 15 NazHPO4, 15

Pyrophosphate, 20 HEPES, pH 7.2) with 1% Triton X-100 and a protease inhibitor cocktail.
Then, homogenate was cleared by centrifugation and supernatants were subjected to western
blotting. The equivalent to 6 pL lysate was loaded per lane. The analysis was repeated four

times and functional expression was assessed in parallel for each experiment.
Invitro cRNA translation.

To prepare cRNA for microinjection, each of the wild-type or mutant cDNA was digested at the
3’ end using Not I or Nhe I from New England Biolabs (Carlsbed, California) and cRNA was

™
transcribed in vitro, using T7 RNA polymerase mMESSAGE mMACHINE (Ambion)

transcription system. cRNA product integrity was confirmed on agarose gels and concentration



was determined by absorbance reading at 260 nm(DU 640, Beckman, Fullerton, CA). cRNA

was stored frozen in aliquots at -80 C until used
Data analysis.

All results presented are based in a minimum of two different experiments with at least 10
oocytes per group in each experiment. Statistical significance is defined as two-tailed, with
p<0.05, and the results are presented as mean + SEM. The significance of the differences
between groups was tested by one-way ANOVA with multiple comparisons using Bonferroni’s

correction.



RESULTS AND DISCUSSION
NCC activity is increased by intracellular chloride depletion maneuvers.

Since the regulatory mechanisms controlling electroneutral cotransporters in their native tissues
and in transfected cells, seem to operate in response, or to correct changes in intracellular

chloride concentration (11), the present study tested such mechanisms of regulation for NCC.
We used two different experimental strategies to induce a depletion of [Cl-]i. The first protocol

was to compare the activity of rNCC in X. laevis oocytes injected with INCC cRNA alone or

+ - + -
together with of K :Cl cotransporter KCC2 ¢cRNA. We chose KCC2 because it is the K :Cl

cotransporter isoform that is significantly active in isotonic conditions when expressed in X.

laevis oocytes (11;25), thus maintaining a continuous K+:C1_ efflux over the incubation days
before the uptake assays were performed. A similar approach was used in HEK-293 cells
byGillen and Forbush that analyzed the regulation of NKCC1 activity by intracellular chloride
depletion induced by cotransfecting the cells with KCC1 (30).

The second protocol was the “low cl hypotonic stress” in which rNCC-injected oocytes were

incubated in a Cl -free, slightly hypotonic medium(170 mOsm/Kg HZO) for several hours before
the uptake assay. Low cl hypotonic stress is known to induce a decrease in [Cl_]i in several cells

(16;17), including oocytes from Rana pipens (31). Inaddition, low cl hypotonic stress in X.
laevi soocytes induces the opening of CI channels that promote Cl efflux (32).

Figure 1 depicts the effect of each protocol separately, or together, upon tracerzzNa+ uptake in
HzO— or rNCC-injected oocytes. As we have previously shown (1;23;28), 22Na.+up‘[ail<f: in water-

injected oocytes was very small and not thiazide sensitive, indicating that X.laevis oocytes does

+ -
not express endogenous activity of a Na :Cl cotransporter. As shown in Figure 1, the minimum

uptake observed in water injected oocytes was not affected by KCC2 cRNA injection or by low
- 22 +
CI hypotonic stress. Na uptake in rINCC-injected oocytes incubated overnight in regular ND96

-1 -1 22 +
was 2840 + 154 pmol®@oocyte @h . In contrast, Na uptake in oocytes co-injected with
rNCC and KCC2 cRNA that were incubated in similar isotonic conditions was 11757 £514

Al
pmol®@oocyte @h (p<0.001).
- 22+
In oocytes injected with INCC alone, but exposed to low Cl hypotonic stress, Na uptake was
Al
12449 + 974 pmol@oocyte ®h (p<0.001).Combination of both experimental protocols

22 +
resulted in synergistic effect since Na uptake in INCC+KCC2 cRNA-injected oocytes



- -1 R
incubated over night in the Cl-free hypotonic medium was 16469 +669 pmol@oocyte @h

1

(p<0.001).

As shown in figure 2, in oocytes incubated in isotonic conditions or exposed to low CI-
hypotonic stress, the effect of KCC2 cRNA co-injection upon rNCC activity was dose

dependent. Increased amount of KCC2 cRNA injected was associated with increased activity of

rNCC. Oocytes exposed to low cl hypotonic stress exhibited higher basal activity and reached

the plateau phase at lower KCC2 cRNA concentrations. Therefore, promoting intracellular

+ -
chloride depletion by two different strategies resulted in increased activity of the renal Na :Cl
cotransporter, suggesting that, as NKCC1, NCC can also be regulated by chloride-sensitive

mechanisms.
Effect of Intracellular chloride depletion protocols upon rNCC phosphorylation.

Data with kinase/phosphatase pharmacological inhibitors suggest that members of the

SLC12Afamily of cotransporters are regulated by phosphorylation/dephosphorylation pathways.

Phosphorylation induced by cell shrinkage, low intracellular Cl, and protein phosphatase
inhibitors, stimulate NKCCs and inhibit KCCs, while dephosphorylation induced by cell

swelling, high intracellular Cl, and protein phosphatases (PPs), stimulate KCCs and inhibit
NKCCs (11;13;14;33;34). However, direct phosphorylation has only been demonstrated so far
for NKCC1 and NKCC2 (17;22;35). By using R5 antibody —a phospho-antibody that
recognizes the phosphorylation of two amino terminal domain threonine residues in NKCCl1

(T184, T189, shark sequence) (17) or NKCC2, it has been shown that activation of these

cotransporters by low cl hypotonic stress, cell shrinkage or coexpression with the WNK3
kinase is associated with phosphorylation of these conserved threonine residues in both,

NKCC1 and NKCC2 (17-19;36;37).

Figure 3 Adepicts the alignment of an amino terminal domain fragment among NKCCs
containing the three threonine residues that have been identified as phosphorylation sites in
shark NKCC1. The first two threonine, corresponding to T53 andT58 in rNCC are conserved.
The third threonine residue is not conserved in NCC, but this position is occupied by a serine
residue (S71). The sixteen amino acid residues from shark NKCC1 that were used to raise the
R5-phosphoantibody (17) are indicated. As shown in Figure 3B, however, the R5-
phosphoantibody is not able to detect the wild-type rNCC under any experimental conditions,
either because these threonines are not phosphorylated in rNCC or because the epitope for RS is

somewhat altered. The major difference in the 16 residues peptide between NKCC1 and INCC



is the non-conservative change of a histidine (H) for a tyrosine (Y) at position 56. In addition to
this change, other differences between NKCC2 and NCC are L for Y at position 49, I for M at
position 59, and V for A at position 61. Thus, to render rNCC recognizable by RS-
phosphoantibody, we created the single INCC-Y56H mutant and the quadruple L49Y-Y56H-
IS9M-V61A mutant (NCC-4M). As shown in the R5 blot depicted in Fig 3B, a light signal of
~120 kDa was observed in proteins extracted from rNCC-Y56H or rNCC-4M-injected oocytes

under basal conditions. The immunoreactivity was remarkably increased in proteins extracted

from oocytes that were coinjected with KCC2 or exposed to low cl hypotonic stress.

As shown in figure 4, functional expression analysis revealed that single substitution of the

tyrosine 56 for histidine (rtNCC-Y56H) or the quadruple substitution (rtNCC-4M) did not affect

either the basal activity of rNCC, or its activation by the coinjection with KCC2 or low cl
hypotonic stress. These observations suggest that activity of rNCC in basal conditions is
associated with phosphorylation of the amino terminal domain threonine residues T53 and T58.
The phosphorylation level was significantly increased by intracellular chloride depletion
strategies that simultaneously increased the cotransporter activity. Thus, amino terminal
phosphorylationof rNCC is associated with increased activity. Supporting this conclusion, we
have observed that protein phosphatases inhibition is coupled with increased activity of rNCC.

Incubation of rNCC-injected X. laevis oocytes with the protein phosphatase inhibitor calyculin
22 +
A (100 nM) resulted in significant increase in INCC-mediated Na uptake froma value of 3961
-1 -
+209 pmol@oocyte @h in rNCC control group inthe absence of calyculin A, to a value of

a1
5888 £310 pmol@oocyte @h in its presence (N=45;p<0.001).

Effect of intracellular chloride depletion protocols upon rNCC surface expression.

Increased activity of rINCC by coinjection of KCC2 or low cl hypotonic stress could be due to
the activation of cotransporter units that are already in the plasma membrane or to an increase
in the amount of transporter units that reach the plasma membrane. To analyze these
possibilities, we assessed in X. laevis oocytes the surface expression of the EGFP-rNCC
construct that we have previously validated (27). We have shown that EGFP-NCC fluorescence

in the oocytes surface co-localizes with the F-404 specific plasma membrane dye and that

22 +
oocytes injected with EGFP-NCC exhibit significant thiazide-sensitive Na uptake, indicating

the EGFP-NCC fluorescence is located in the plasma membrane.



Thus, we have successfully use the EGFP-NCC construct to assess the effect of elimination of
N-glycosylation sites (27), Gitelman’s type mutations (29), single nucleotide
polymorphisms(28), and the kinasesWNK3 (19) and WNK4 (7) upon both the surface and

+ -
functional expression of rena Na :Cl cotransporter.

Because the fluorescence intensity is assessed in the confocal microscope using live oocytes,
the same oocytes were then used to assess functional expression. Oocytes injected with EGFP-
rNCC cRNA were exposed to both strategies as mention above and the surface expression was
assessed by monitoring the EGFP fluorescence with a confocal microscope.

As shown in Figure SA and 5B, surface expression analysis revealed similar fluorescence

intensity at the surface of oocytes in all groups. However, as shown in Figure 5C, thiazide-
sensitive 22Na+ uptake in the same EGFP-rNCC-injected oocytes was increased by the
intracellular C1 depletion strategies, similar to that observed for wild type rNCC (Fig. 1).The
uptake observed in EGFP-rNCC cRNA injected oocytes of 987 £105 prnol@oocyte_lﬁh_
1increased by co injection with KCC2 cRNA(3518 + 687pm01@000yte—1@h—1; p<0.01), by low
cl hypotonic stress (3525 + 301 pmol@oocyte_lah—l; p<0.05), or by both maneuvers together
(5096 £+ 401 pmol@oocyte_lﬁh_l; p<0.01). These observations suggest that increased activity of

rNCC induced by co injection with KCC2 or low Cl hypotonic stress is due to stimulation of
the cotransporter intrinsic activity, rather than by an increase in tNCC exocytosis containing

vesicles.
Effect of replacing T53, T58, and S71 of rNCC with alanine.

To define the role of each of the three putative phosphorylation sites of the amino terminal
domain in NCC basal activity and the response to intracellular chloride depletion protocols, we
substituted these residues with alanine by site directed mutagenesis to create the single mutants
T53A, T58A, and S71A, the double mutants T53-58A, T58-S71A,and T53-S71A, and the triple
mutant T53-T58-S71A. Figure 6 shows the averaged results from several experiments in which

X .laevis oocytes were injected with similar amounts of wild-type rINCC cRNA or each mutant’s
2+ S
cRNA. Na uptake in water injected oocytes was 249 + 18 pmol@oocyte @h whereas in

a4 -
rNCC- cRNA-injected oocytes was 3432 + 156 pmol@oocyte @h . Elimination of any of the

three potential phosphorylation sites resulted in a significant reduction of rNCC functional
22 +
expression to various degrees. Na uptake in oocytes injected with the single mutants T53A,

1 -
T58A or STIACRNA was 2486 + 155, 452 + 39, and 851 = 89pmol@oocyte @h |, respectively.

10



Thus, the percentage of reduction was 27% for T53A, 75%for S7T1A, and 100% for T58A. The
effect of T53A and S71A was synergic, since any combination to produce double mutants
resulted in complete abolishment of basal INCC activity. Consequently, the triple mutant also
exhibited no activity. These observations suggest that T53 and S71 are required to achieve the
full basal activity of the cotransporter, while T58 appears to be absolutely necessary for INCC
to express basal activity. Interestingly, our observations with the rNCC single mutants are
similar to those of shark NKCC1, but different to rabbit NKCC2.The NKCC1 activity was
completely prevented by elimination of the threonine residue T189 and partially reduced by
elimination of T184 andT202 (16).

In contrast, in rabbit NKCC2 elimination of each of these threonines only reduced the activity
by ~20% (37). Therefore, the amino terminal domain phosphorylation sites are required to

achieve basal activity in NKCCland NCC, but not in NKCC2.

Figure 7. shows the effect of single, double, or triple mutations upon the response of INCC to
both intracellular chloride depletion maneuvers. Figure 7A shows the effect of low chloride
hypotonic stress, figure 7B the effect of co-injection with KCC2 cRNA and figure7C both
maneuvers together. In these experiments , the basal activity of T53A and S71A was reduced by

~20% and ~80%, respectively, where as in any other mutant was completely prevented.

N
However, the single and double mutants exhibited increased thiazide-sensitive Na uptake, after

low Cl hypotonic stress or coinjection with KCC2 cRNA. As shown before, the effect of both
maneuvers was synergic since the increase in the wild type and mutant cotransporters activity

was higher when oocytes co-injected with wild type or mutant NCC cRNA and KCC2 cRNA
were exposed to low Cl-hypotonic stress. Interestingly, the double mutantT58, S71A was not
activated by low cl hypotonic stress alone or KCC2 cRNA co-injection alone, but was

significantly activated by both together. In contrast, the triple mutant in which T53, T58, and

S71 were substituted with alanine was not activated, even by both maneuvers together.

As shown in figure 8, when both maneuvers were applied together, the fold over control
activity was: rINCC 2.9 £+ 0.3; T53A3.1 £ 0.4; T58A 3.4 £ 0.8; S7T1A 3.5 £0.3; T53-58A 2.7 +
0.5; T53-S71A 4.4 + 1.0; T58-S71A2.7 £+ 0.8, and triple mutant 0.4 £ 0.1. The only difference
with wild type rNCC that reached significance was the triple mutant. These observations

suggest that elimination of the three phosphorylation sites resulted in an INCC that was neither

functional in basal conditions, nor activated by the intracellular cl depletions trategies.

11



In contrast, as long as one of the three phosphorylation sites is present, INCC could be non-

functional in basal conditions, but still be activated by intracellular chloride depletion.

Effect of replacing T53, T58, and S71 upon EGFP-rNCC surface and functional

expression.

Because elimination of the three phosphorylation sites in the amino terminal domain alone or in
combination resulted in a significant reduction of the cotransporter basal activity, we wanted to
know the effect of these mutations upon surface expression of the cotransporter.

We thus introduced the triple mutation T53,T58,S71A into the EGFP-rNCC cDNA. X. laevis
oocytes were injected with 25 ng of each clone cRNA and four days latter the surface
fluorescence intensity was assessed under confocal microscopy.

Then, the same oocytes were used for functional analysis by assessing the thiazide-sensitive

22Na+ uptake. As shown in Figure 9, the surface expression of the triple mutant EGFP-rNCC,
was similar to wild type EGFP-rNCC, while the functional expression was completely
abolished. As a positive control, in the same experiment, a group of oocytes was injected with
25 ng of cRNA transcribed from the EGFP-rNCC double mutant N404, 424Q), in which both N-
glycosylation sites of EGFP-rNCC were eliminated.

As we have previously reported (27), elimination of the N-glycosylation sites resulted in a
cotransporter in which the surface expression is seriously reduced, and thus its activity. The
observation that elimination of phosphorylation sites resulted in reduction of the cotransporter
activity, without affecting the surface expression is consistent with the results in figure 5 in
which activation of rNCC by intracellular chloride depletion was not associated with surface

expression changes.

+ -
Taking together, the results of the present study show for the first time that the renal Na :Cl
cotransporter is regulated by intracellular chloride concentration through phosphorylation of the
amino terminal domain and that the mechanism seems to be due to an increased turnover rate of

the cotransporter rather than by increasing its expression in the plasmamembrane.

.
Due to the gradient of accompanying cation, the Na -couple chloride cotransporters NKCCs

- + -
mediate Cl influx, whereas K -coupled chloride cotransporters KCCs mediate Cl efflux.

12



+ + + o+
Because intracellular concentration of Na and K are quickly restored by Na :K :ATPase, what

the activity of electroneutral cation chloride cotransporters seems to modulate is the [Cl_],.
1

For instance, in most cells, [Cl-]i and thus, cell volume, is maintained by coordinated activity of
NKCCI1 and KCCI. It has been demonstrated in duck red blood cells that activity of these

cotransporters is regulated by [Cl_]i in such a way that low [Cl_]i activates NKCC1 and

inhibitsKCC1, whereas high [Cl_]i activates KCC1 and inactivates NKCC1 (38;39). In neurons,
intracellular chloride concentration is defined by the ratio of NKCC1/KCC2 and these in turns

define the type of response to neurotransmitters such as GABA that acts by opening CI channels
in postsynaptic membranes.

The excitatory effect of GABA in the prenatal period is due to increased NKCC1/KCC?2 ratio,

which results in increased [Cl_]i, whereas the inhibitory effect of GABA in the postnatal period
can be explained by decreased NKCC1/KCC2 ratio that results in decreased [Cl_]i (40-43). It has

been clearly shown that modulation of NKCC1 by [Cl_]i is mediated, at least in part, by

phosphorylation of the amino terminal domain threonine residues shown in Figure 3 (17;36).

In addition, recent studies have shown that electroneutral cation chloride cotransporters are
regulated by members of two serine/threonine kinase families known as WNK and STE20-
related kinases also through phosphorylation of the amino terminal domain(18-20;44;45). First
it was shown that STE-20-related kinases such as SPAK or OSR1 mediate functional activation
of NKCC1 (44;46) by a process in which phosphorylation of the amino terminal domain

threonine residues is implicated.

Later, Vitariet al. (20) observed that WNK1 and WNK4 seems to activate SPAK and OSR1,
which in turns phosphorylated the amino terminal domain of NKCCI. At the functional level,
Gagnon et al. (45) also showed that WNK4 is able to increase the activity of NKCC1 only in the
presence of SPAK or OSRI1. Distorted modulation of NCC activity byWNK1 and WNK4 is
implicated in the patho physiology of arterial hypertension inpatients with PHAII (7;8). WNK4
inhibits the activity of NCC and the PHAII type mutations prevent this inhibition, thus releasing

NCC that by its increasing activity produces arterial hypertension.

This hypothesis can explain the exquisite sensitivity to thiazide-type diuretics in PHAII patients
(9). WNK1 seems to produce PHAII by its ability to regulate WNK4 activity (8;47;48). We
have recently shown that WNK3, another member of the WNK family, is a powerful activator
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of NCC, as well as NKCCland NKCC2 (18;19). The activation of NKCCI1 and NKCC2
induced by WNK3 is also associated with increased phosphorylation of the amino terminal

domain threonine residues shown in figure 3 (18;19).

In the present study we show that NCC activity is modulated by [Cl-]i and that phosphorylation
of the amino terminal domain threonine residues T53 and T58, and probably S71, is implicated,
suggesting that modulation of NKCCs by [Cl_]i and WNKs could be mediated by a common

pathway. Supporting this possibility, it has been suggested that activity of WNK kinases is
modulated by intracellular chloride. Xu et al. (49) identified WNKI1 at the molecular level and

observed that its activity was remarkably increased in the presence of NaCl.

Then, Lenertz et al. (48) showed that WNKI is activated by NaCl and other osmotic challenges
in a variety of cell lines, including distal convoluted kidney tubule cells, while it is not affected
by short or long exposure to several hormones and by agents that modulate cell proliferation,
suggesting that the major regulator of WNK kinases is cell ion strength, volume and/or
intracellular ion concentrations. In this regard, Moriguchi et al. (21) have recently shown in

HEK293 cells that both, WNK1 and SPAK/OSRI1 kinases activity is increased when cells were
exposed to low cl hypotonic stress, suggesting that WNKI1 behave as an activator

of SPAK/OSRI1 in response to a decrease in the [Cl_]i.

Supporting the observations in the present study, Moriguchi et al. (21) also observed in
HEK293 cells transfected with T7-tagged mouse NCC, that amino terminal domain of NCC can
be phosphorylated in vitro byWNKI1/SPAK/OSR1 pathway and that phosphorylation level

increases when cells were incubated under low Cl hypotonic stress, and decreased when the

residues T53, T58, and S71 were eliminated. Thus, taking all these observations together it is
reasonable to speculate that [Cl-]i probably regulates WNKs and STE20 kinases activity that in

turns modulate electroneutral cotransporters function.

In summary, we present evidences that INCC can be activated by intracellular chloride
+ -
depletion strategies such as co-expression with the K :Cl cotransporter KCC2 and/or exposure

to low Cl hypotonic stress. The rNCC activation is associated with increased phosphorylation of
the threonine residues 53 and 58 at the amino terminal domain, without changing the surface
expression of the cotransporter. In addition, substituting T53, T58, and S71 residues with

alanine renders rNCC inactive in basal conditions and insensitive to intracellular chloride

14



depletion, indicating that in addition toT53 and T58, the serine at the position 71 is also critical

for rNCC regulation.
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Na-Cl cotransporter.

18



Figures
Figure 1. Effect of intracellular chloride depletion protocols upon rNCC activity.

Xenopus laevis oocytes were injected with water or 0.2 ug/ul of INCC cRNA alone or together
with 0.2 pg/ul of KCC2 cRNA, as stated. After four days of incubation in regular ND96,

oocytes were incubated 16 hours in either regular ND96 (210 mOsm/kg HZO) or a Cl-free

22 +
hypotonic medium (170 mOsm/kg HZO), as stated. Next day Na uptake was assessed in

absence (open bars) or presence(closed bars) of 100 uM metolazone in uptake media containing
40 mM NaCl with similar osmolarity to which oocytes were exposed the night before (see
methods). Figure shows combined results fromfive different experiments, with the mean + SEM
of 50 oocytes for each group. *Significantly different from the uptake observed in the control
group of rNCC-injected oocytes incubated in ND96.**Significantly different from each strategy
alone.

Figure 2. Dose- dependent effect of KCC2 cRNA upon NCC activity in oocytes.

22 +
Thiazide-sensitive  Na uptake in oocytes injected with rNCC cRNA exposed to regular

isotonicconditions (closed circles) or to low cl hypotonic stress (open circles) the night before
that uptakeexperiments were performed. Oocytes were co-injected with increased concentration
of KCC2 cRNAas stated. Figure shows combined results from two different experiments. *

p<0.05 vs correspondinggroup not coinjected with KCC2 cRNA.

Figure 3. Effect of intracellular chloride depletion protocols upon rNCC
phosphorylation.

A) Sequence alignment of an amino terminal domain fragment of shark NKCC1 and
mammalianNKCC2 and NCC, as stated. The proposed phosphorylation sites are highlighted
byboxes. The arrow shows the Y56 residue in INCC. B) A representative immunoblot analysis
of proteins extracted fromX. laevis oocytes injected with water, wild type rNCC cRNA, the
mutant tNCC-Y56H cRNA or themutant tfNCC-4M cRNA at 0.2 pg/ul using the RS-
phosphoantibody raised again the 16 residue phosphorylated peptide of NKCC1 shown in A.

Similar results were observed in five different experiments.
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Figure 4. Effect of intracellular chloride depletion protocols upon rNCC activity in

mutants rNCC-Y56H and rNCC-4M.

Functional expression and response to KCC2 co injection or low cl hypotonic stress in oocytes

injected with water, wild type INCC cRNA, the mutant rtNCC-Y56H cRNA, or the mutant

rNCC-4M. Four days after injection 22Na+ uptake was assessed in the absence (open bars) or
presence (closed bars) of 100 pM metolazone in the uptake medium. A representative
experiment from a single frog, with the mean = SEM of 10 oocytes for each group, is shown.
Similar results have been observed in five different experiments, each one using oocytes from a

different frog. *Significantly different from the uptake observed in the corresponding control

group.

Figure 5. Effect of intracellular chloride depletion protocols upon EGFP-rNCC surface

expression.

Oocytes were injected with water or 25 ng of wild type EGFP-rNCC ¢cRNA with orwithout 10

ng/oocyte of KCC2 cRNA. Four days later oocytes were incubated overnight in either isotonic
ND96 or Cl -free hypotonic medium. Next day, the oocytes surface fluorescence was visualized

22 +
through a laser scanning confocal microscope and activity was assessed by tracer Na uptake
assay as described in methods section. A) Shows a representative confocal image of each group,
as stated. B) Fluorescence intensity is expressed as mean + SE of 10 oocytes exposed to

isotonicity (open bars) or hypotonicity (closed bars), with or without coinjection with KCC2

22 +
cRNA, as stated. C) Na uptake was assessed in the absence (open bars) or presence (closed
bars) of 100 pMmetolazone in the uptake medium. *Significantly different fromthe uptake
observed in the EGFP-rNCC control group.

Figure 6. Effect of elimination of T53, TS8 and/or S71 of rNCC upon the rNCC basal

function.

2+
Na Uptake in oocytes injected with wild type or mutants tTNCC, as stated, in the absence

(open bars) or presence (closed bars) of 100 uM metolazone. Each bar shows the mean = SEM
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of 25 to 40 oocytes from three to five different experiments. *Significantly different from the

uptake observed in wild typerNCC; p<0.01.

Figure 7. Effect of  elimination of T53, T58 and/or S71 of rNCC wupon rNCC

activation by intracellular chloride depletion protocols.

Low Cl hypotonic stress, B) co-injection with KCC2 cRNA, and C) both maneuvers together.

22 +
In all figures, open bars represents Na uptake in controloocytes; e,g, oocytes injected with

rNCC cRNA or mutant tNCC cRNA and incubated the night before the uptake assay in
isotonic ND96. Dashed bars represent INCC or mutant NCC cRNA-injectedoocytes exposed to
intracellular chloride depletion maneuvers. *Significantly different from the uptake observed in
the corresponding control. Eachbar represents at least the mean £ SEM of 20oocytes fromtwo

different frogs.

Figure 8. Percentage of wild type or mutant rNCC activation by intracellular

chloride depletion.

For each clone uptake observed in oocytes exposed to controlconditions was taken as 100% and

uptake observed in oocytes co-injected with wild type or mutant INCC and KCC2 cRNA plus

low Cl_hypotonic stress was normalized to control group. Then, all percentages were divided

by100 to obtain the fold over control. *Significantly different to NCC group.

Figure 9. Effect of elimination of phosphorylation sites in the amino terminal

domain of EGFP-rNCC upon surface and functional expression.

A) Representative confocal image of each group, as stated. B) Fluorescence intensity is

expressed as mean = SE of 20 oocytes from two different experiments. C) Functional expression

assessed by 22Na+ uptake assay in absence (open bars) or presence (closed bars) of 100 uM
metolazone. Oocytes were injected with the wild type or mutant EGFP-rNCC cRNA as stated.
Functional expression assays were performed with the same oocytes that were used for
fluorescence analysis in B. The EGFP-N404,424Q rNCC mutant, in which the two

N-glycosylation sites have been eliminated, was used as control and was described previously

(27).*Significantly different from wild type EGFP-rNCC.
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Figure 5
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