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Oxidative stress-responsive kinase (OSR) 1 and sterile20-related,
proline-, alanine-rich kinase (SPAK) are Ste20p-related protein
kinases that bind to the sodium, potassium, two chloride cotrans-
porter, NKCC. Here we present evidence that the protein kinase
with no lysine [K] (WNK) 1 regulates OSR1, SPAK, and NKCC
activities. OSR1 exists in a complex with WNK1 in cells, is activated
by recombinant WNK1 in vitro, and is phosphorylated in a WNK1-
dependent manner in cells. Depletion of WNK1 from HeLa cells by
using small interfering RNA reduces OSR1 kinase activity. In addi-
tion, depletion of either WNK1 or OSR1 reduces NKCC activity,
indicating that WNK1 and OSR1 are both required for NKCC
function. OSR1 and SPAK are likely links between WNK1 and NKCC
in a pathway that contributes to volume regulation and blood
pressure homeostasis in mammals.

blood pressure � kinase � osmotic � stress

Protein kinase cascades mediate cellular responses to extracel-
lular signals and environmental change. A large group of

protein kinases with remarkably complex and diverse functions are
related to the yeast protein kinase Ste20p (1). Ste20p was identified
as a component of a mitogen-activated protein kinase cascade in the
yeast pheromone-induced mating pathway (2, 3). One substrate of
Ste20p is Ste11p, the MAP kinase kinase kinase in the module;
thus, Ste20p is the prototypical MAP4K. Ste20p also controls
cytoskeletal reorganization required for budding in yeast. Ste20p
kinases coordinate the activities of downstream molecules not only
because of their catalytic activities but also because of their
capacities to bind and organize upstream molecules, including
receptors and adaptors, and downstream molecules, including
cytoskeletal elements and other protein kinases.

More than 30 Ste20p-related kinases are encoded in the human
genome in two structurally distinct subfamilies, the p21-activated
kinase (PAK) subfamily and the germinal center kinase (GCK)
subfamily (1). The PAKs bind to GTP-liganded forms of the Rho
family small G proteins Rac and Cdc42 and are key regulators of
cytoskeletal organization and cell motility (4). The germinal center
kinase-related kinases all contain N-terminal catalytic domains and
diverse C-terminal domains that were used to categorize them into
eight subfamilies (1).

OSR1 and the sterile20-related, proline-, alanine-rich kinase
(SPAK) are the only two mammalian protein kinases in the
germinal center kinase-VI subfamily. Although it has not been
shown to be sensitive to oxidative stress, OSR1 was named for its
similarity to oxidative stress-responsive kinase SOK1 (Ste20�
oxidant stress response kinase-1) (5). OSR1 does respond to
osmotic stress and phosphorylates PAK1, inhibiting its responsive-
ness to Cdc42 (6). In addition to their similar kinase domains, OSR1
and SPAK share two conserved C-terminal regions, known as PF1
and PF2 domains. The PF1 domain lies immediately C-terminal to
the protein kinase domain and is required for catalytic activity of
OSR1, although not part of the consensus core of protein kinases
(6). The PF2 domain mediates protein–protein interactions and
shows some similarity to a key regulatory region in STRAD, a
subunit of the activation complex for the tumor suppressor LKB1
(7). Two hybrid tests revealed that SPAK and OSR1 bind to the

Na�, K�, 2Cl� cotransporter (NKCC) 1 and NKCC2, members of
the solute carrier (SLC) 12 family (8, 9). Coimmunoprecipitation
experiments confirmed the association of SPAK with NKCC1 (9).
Residues in the N-terminal cytoplasmic domain of NKCC1 are
phosphorylated and increase its activity (10, 11). Although there is
disagreement regarding the regulatory action of SPAK, one group
of studies showed that overexpression of inactive SPAK blocked
NKCC1 phosphorylation and activation (8, 12). Certain sites phos-
phorylated in NKCC1 are conserved in NKCC2 and the sodium
chloride cotransporter, another SLC12 family member, and are
known to be phosphorylated in NKCC2 in response to vasopressin
(13). Both NKCC1 and NKCC2 are recognized by a phosphospe-
cific antibody raised to the phosphorylated sequence from NKCC1
(11, 13).

Here we confirm that the kinase with no lysine [K] (WNK) 1 (14)
is an upstream activator of OSR1 and SPAK. In addition, we show
that decreased expression of either WNK1 or OSR1 through small
interfering RNA (siRNA) reduces NKCC activity in HeLa cells,
indicating that these kinases are required for NKCC activity.
Through positional cloning and gene disruption studies, WNK1 has
been shown to be an essential gene that has an important role in the
control of blood pressure in mammals (15, 16). Regulation of
NKCC provides a potential mechanism by which WNK1 influences
volume regulation and ion homeostasis.

Results
OSR1 Binds to WNK1 Through Conserved C-Terminal Motifs. To
understand more regarding how OSR1 is activated, we performed
two-hybrid screens with full-length OSR1 and a C-terminal frag-
ment of OSR1 that includes its noncatalytic regulatory PF2 domain.
Several inserts from the screens encoded overlapping portions of
the protein kinase WNK1 that spanned residues 1834–2020 of the
longer human splice form (1579–1765 of the shorter rat splice
form). Each of the WNK1 inserts contained the sequence GRFXV.
The interacting region, residues 1834–2020, together contains three
GRFXV motifs, all between residues 1855–1960 (1600–1705 of the
rat splice form). The motifs are conserved in WNK1 across species.
Other WNK family members each have one similar motif. The
interactions of a group of deletion proteins derived from the C
terminus of human WNK1 were tested with the kinase domain,
residues 1–344, and the C terminus, residues 292–527, of OSR1
(Fig. 1A). The WNK1 fragments containing at least one of the
GRFXV motifs (streaks 2, 10, and 12) interacted with the C
terminus of OSR1 but not with the N terminus of OSR1 (streaks
1, 9, and 11). OSR1 and its homolog SPAK bind to NKCC1 and,
presumably, NKCC2 through a similar motif also present in these
proteins (9, 17).

To confirm that the proteins interact in cells, OSR1 was ex-
pressed in HEK 293 cells and endogenous WNK1 was immuno-
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precipitated (Fig. 6, which is published as supporting information
on the PNAS web site). OSR1 was found in the WNK1 immuno-
precipitates but not in the preimmune controls. A strong band was
detected in lysates of cells transfected with the larger amount of
OSR1 DNA, and a faint band was detected with the smaller amount
of OSR1 plasmid transfected. Sorbitol, a stimulus for both OSR1
and WNK1 (6, 18), did not change their association.

Antibodies to OSR1 were used to immunoprecipitate OSR1 and
associated proteins from HeLa cell lysates. The Coomassie blue-
stained gel of the immunoprecipitates from one such experiment
(Fig. 1B) shows two major bands (in addition to IgG) and a number
of minor bands. These two major bands are absent from an
immunoprecipitation experiment with an unrelated antibody. The
bands at �58 and �250 kDa were excised and analyzed by mass
spectrometry. The smaller band is OSR1 and the larger band is
WNK1. This result suggests that a significant fraction of the OSR1
in cells is constitutively associated with WNK1.

OSR1 Oligomerizes. The presence of a single PF2 domain in OSR1
suggested that it would interact with only a single partner at a time.
Many Ste20p family members are oligomeric. We therefore tested
the possibility that OSR1 self-associates, which would allow it to
interact in a complex with multiple partners. Myc-tagged OSR1 full
length (1–527) or fragments were cotransfected with Flag-tagged
OSR1 (Fig. 7, which is published as supporting information on the
PNAS web site). Full-length OSR1 coimmunoprecipitated with the
full-length wild-type or kinase-dead (KR) OSR1 from cells lysed
with or without detergent. As a control, ERK2 did not interact with
OSR1 immunoprecipitated with antibody to either tag. Truncation
of the PF2 domain in OSR1 1–433 had no effect on its self-

association. The folded kinase domain, OSR1 1–344, was sufficient
for its oligomerization. This result is consistent with the possibility
that an OSR1 oligomer is associated with multiple partners through
its PF2 domains.

WNK1 Phosphorylates OSR1 and SPAK and Stimulates Their Activity.
OSR1 catalyzed the incorporation of little or no phosphate into
either kinase-dead WNK1 1–491 or full-length WNK1 (data not
shown). On the other hand, WNK1 catalytic fragments, residues
1–491 or 193–483, phosphorylated the catalytic domain of OSR1,
clearly beyond the extent of OSR1 autophosphorylation (Fig. 2A).
The stoichiometry achieved was �1 mol phosphate�mol OSR1.
Neither of the WNK1 fragments used for in vitro reactions con-
tained the more C-terminal interacting motifs; thus, phosphoryla-
tion occurred in the absence of stable binding of the PF2 domain
to the GRFXV motifs.

We previously showed that OSR1 phosphorylated another
Ste20p family member PAK1 on T84 in its regulatory domain (6).
We used an N-terminal fragment of PAK1 as a substrate to measure
OSR1 and SPAK activity. Phosphorylation by WNK1 193–483
increased the activity of OSR1 1–344, which was observed rapidly
upon OSR1 phosphorylation (Fig. 2 B and C). OSR1 autophos-
phorylation in the absence of phosphorylation by WNK1 did not
result in enhanced OSR1 activity. A WNK1 mutant, inactive
because of mutation of the obligate autophosphorylation site
(S382A), did not activate OSR1 (Fig. 2D). Quantitation of the
difference in substrate phosphorylation by OSR1 with and without
phosphorylation by WNK1 shows as much as a 25-fold activation of
OSR1 by WNK1 and a �20-fold activation of SPAK 63–390. To
determine whether OSR1 phosphorylates NKCC2, a fragment of

Fig. 1. Interaction of OSR1 with WNK1. (A) Two-
hybrid analysis of the interaction of N-terminal and
C-terminal domains of OSR1 with fragments of WNK1.
The residues of fragments of WNK1 and OSR1 tested
for interaction are as indicated. (B) Immunoprecipita-
tion of OSR1 and mass spectrometric analysis of the
major bands. The affinity-purified OSR1 antibody was
used to immunoprecipitate OSR1 and associated pro-
teins from HeLa lysates. Coomassie blue-stained pro-
teins in one of three similar immunoprecipitations are
shown. The protein stain of an experiment using an
unrelated antibody is shown for comparison.

Fig. 2. Phosphorylation and activation of OSR1 1–344 by WNK1 193–483. (A) Phosphorylation of OSR1 with WNK1 in vitro. Phosphorylation reactions were
in 30 �l of 1� kinase buffer (20 mM Hepes, pH 7.6�50 �M ATP (5 �Ci of [�-32P]ATP)�10 mM MgCl2�10 mM �-glycerol phosphate) at 30°C for 30 min. The
autoradiogram is shown. (B) Activation of OSR1 by WNK1. OSR1 was incubated with WNK1 for the indicated times in the presence of 0.5 mM ATP, followed by
the addition of PAK1 1–231 for an additional 15 min. The autoradiogram of substrate phosphorylation is shown. PAK1 1–231 was phosphorylated for 40 min
by WNK1 alone in the first lane and by OSR1 alone in the second lane. (C) The time course of activation of OSR1 is plotted. (D) Activation of OSR1 requires the
kinase activity of WNK1. Inactive WNK1 in which the obligate autophosphorylation site S382 has been mutated to alanine was used as the enzyme for comparison
to active WNK1. OSR1 D164A is a catalytically inactive mutant. OSR1 T173D is an activation loop mutation without apparent effect on activity. (D Upper) The
Coomassie-blue stained PAK1 1–231 in the assays. (D Lower) The autoradiogram of phosphorylated PAK1 1–231. A–C show one of five similar experiments. D
shows one of two similar experiments.
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NKCC2 containing the N-terminal phosphorylation sites was ex-
pressed and tested as substrate. After activation with WNK1, OSR1
also phosphorylated the NKCC2 fragment, as did SPAK (data not
shown, see Fig. 4A).

WNK4 and WNK1 share �85% identity in their kinase domains;
yet they do not have identical substrate specificities (19). We
therefore compared effects of WNK1 and WNK4 on OSR1 kinase
activity by using equal amounts of catalytic domain fragments of
WNK1 and WNK4 and with equal units of WNK1 and WNK4
activity measured with the model substrate myelin basic protein
(Fig. 3A Top). We found that OSR1 was phosphorylated to a lesser
extent by WNK4 (Fig. 3A Middle). The phosphorylation that was
observed did not cause increased OSR1 activity. Incubation with
WNK1, but not WNK4, activated OSR1, which was detected by
using PAK1 as the OSR1 substrate (Fig. 3A Bottom). Activation of
OSR1 was associated with a small shift in its electrophoretic
mobility. Only phosphorylation by WNK1 induced this shift; WNK4
did not cause this shift (Fig. 3A Middle). Because it seemed possible
that WNK4 might show selectivity for the OSR1 homolog SPAK,
which also was suggested by a recent study (20), we tested the
capacity of WNK1 and WNK4 to activate SPAK. WNK1 phos-
phorylated full-length SPAK and induced a relatively large and

complete gel shift visible in the Coomassie-stained gel (Fig. 8, which
is published as supporting information on the PNAS web site). This
shift was associated with a substantial activation of SPAK, which
also recognized PAK1 as a substrate. On the other hand, WNK4
caused neither substantial phosphorylation nor a shift in mobility of
SPAK under the same conditions. No increase in substrate phos-
phorylation by SPAK was detected. Thus, the two WNK family
members, WNK1 and WNK4, display a marked difference in
specificity in phosphorylating OSR1 and SPAK. The explanation
for this specificity difference is currently unknown.

OSR1 and SPAK contain a serine and two threonine residues in
its activation loop that might be sites of activating phosphorylation.
Mutation of Thr-185 of OSR1 or Thr-243 of SPAK alone prevented
activation of either kinase by WNK1 (data not shown and Fig. 3B),
indicating that this site must be phosphorylated to activate the
kinases and is consistent with an earlier report (21). Although
mutation of this site to Asp caused a �3-fold increase in SPAK
activity, the increase is much less than that after phosphorylation of
the wild-type fragment by WNK1 (Fig. 3B). Because this site is
poorly phosphorylated in kinase-dead mutants of OSR1, the role of
OSR1 autophosphorylation in its activation mechanism remains to
be determined.

We identified the smallest fragment of OSR1 that could be
activated by WNK1. OSR1 and OSR1 truncations 1–443, 1–370,
1–343, and 1–323 were activated by WNK1, whereas 1–290, the
minimal but inactive protein kinase domain, was not (data not
shown). Residues 291–344 contain the PF1 domain, which is
essential for OSR1 kinase activity and appears to be important for
correctly folded protein. OSR1 1–323 is somewhat less stable than
the longer fragment but retains the ability to be activated by WNK1.

OSR1 Activity Is Attenuated by Reduced Expression of WNK1. WNK1
and OSR1 are activated in response to osmotic stress in the form
of nonpermeant osmolytes such as sorbitol (6, 18). To determine
whether WNK1 is required for activation of OSR1, we examined
the effect of reducing WNK1 expression in HeLa cells with siRNAs.
siRNAs targeting human OSR1, human WNK1, or, as a control, rat
WNK1, which does not target human WNK1, were used. Endog-
enous OSR1 was immunoprecipitated from unstimulated and
sorbitol-stimulated cells, and its activity was measured by using an
N-terminal fragment of NKCC2 as a substrate (Fig. 4A). Sorbitol-
stimulated OSR1 activity as detected either by weak autophosphor-
ylation or phosphorylation of the N terminus of NKCC2. Activation
of WNK1 also was apparent from its behavior in gels; instead of a

Fig. 3. Specificity of WNK1 and WNK4 toward OSR1 and SPAK. (A) WNK1 and
WNK4 differentially activate OSR1. Equal amounts (lanes 1 and 2) and equal
units of activity calculated by using myelin basic protein (MBP) as the substrate
(lanes 3 and 4) of WNK1 and WNK4 were compared for their capacities to
activate OSR1. (A Top) Kinase assays by using the model substrate MBP. (A
Middle) OSR1 phosphorylation. A slight gel shift is associated with OSR1
activation. (A Bottom) The activity of OSR1 after preincubation with WNK1 or
WNK4 by using PAK1 1–231 as substrate. Shown is one of three similar
experiments. (B) Mutation of the essential activation loop threonine prevents
activation of SPAK by WNK1. SPAK 63–390, either T243D or wild type, was
incubated with WNK1, and the activity then was measured with PAK1 as
indicated above. The autoradiogram shows PAK1 phosphorylation by SPAK
and is one of two similar experiments.

Fig. 4. WNK1 is required for OSR1 activation. (A) Endogenous OSR1 was immunoprecipitated from cells that previously had been transfected with siRNA
directed against rat or human WNK1 or against human OSR1. Twenty-four hours after transfection with oligonucletides, cells were placed in serum-free medium;
after an additional 12 h, the cells were placed in medium with or without 0.5 M sorbitol for 30 min. Cells then were lysed, and the kinase activity of endogenous
OSR1 (see Materials and Methods) was assayed by using a fragment from the N terminus of NKCC2, GST-SLC12-A1 1–175, as a substrate. Shown is one of three
comparable experiments. (B) Methods were as in A, except that after 12 h of starvation, cells were placed in phosphate-free medium (Invitrogen) to which 0.125
mCi�ml 32P was added. Endogeneous OSR1 was immunopurified and washed three times with 10 mM Hepes, pH 7.4�1 M NaCl�0.1% TX-100 and then once with
10 mM Hepes, pH 7.4. The autoradiogram is shown. (C) HEK 293 cells were transfected by using FuGENE with p3XFLAG-OSR1 and either pCMV5-mycGFP or
pCMV5-mycWNK1(D368A) (kinase-dead) and treated as described in A, without sorbitol. The kinase activity of immunopurified 3� FLAG-OSR1 was assayed by
using GST-SLC12A1(N terminus) as substrate. To detect 3� Flag-OSR1 in immunoprecipitates or lysates, anti-Flag antibody was used.
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single band, upon activation, WNK1 separates into multiple, slower-
migrating species. Knockdown of WNK1 expression, which was
estimated by immunoblotting to reduce WNK1 expression by 80%
or more, significantly reduced activation of OSR1 by sorbitol.

When dsRNA oligonucleotides targeting rat WNK1 were used as
a control, no loss of OSR1 activation was observed in this human
cell line nor was expression of WNK1 perturbed. Knockdown of
OSR1 expression by using siRNA resulted in a 60–80% loss of
OSR1 protein and a significant loss of OSR1 kinase activity in the
immunoprecipitates as expected. The residual OSR1 was activated
by sorbitol. As expected, activation of the stress-activated mitogen-
activated protein kinase JNK by sorbitol was undisturbed by
depletion of either WNK1 or OSR1 (Fig. 4A Bottom). We have
shown that JNK activity is not linked to either OSR1 or WNK1 in
mammalian cells (6, 14). Thus, WNK1 is at the top of a cascade
leading to phosphorylation and activation of OSR1 that, in turn,
phosphorylates its substrates.

To determine whether OSR1 is phosphorylated in cells, HeLa
cells were transfected with dsRNAs as in the experiment above.
After 48 h, cells were labeled with 32P. OSR1 immunoprecipitated
from cells treated with no oligonucleotide or with dsRNAs directed
at rat WNK1 showed a 2-fold increase in 32P content after stimu-
lation with sorbitol (Fig. 4B). Depletion of WNK1 or OSR1 reduced
the amount of 32P recovered in immunoprecipitated OSR1.

To explore further the role of WNK1 in OSR1 activation, we
considered the observation that exogenously expressed OSR1
displays constitutively high activity. By cotransfection of cells with
OSR1 and a kinase-deficient mutant of WNK1 (DA), OSR1
activity was substantially reduced (Fig. 4C), roughly in proportion

to the efficiency with which cells expressed the WNK1 mutant.
Taken together, these results support the hypothesis that WNK1 is
a regulator of OSR1 activity not only by osmotic stress but also in
resting HeLa cells.

WNK1 and OSR1 Regulate NKCC Activity. To explore the impact of the
WNK1-OSR1 cascade on NKCC activity, RNA interference
(RNAi) was used to suppress expression of WNK1 or OSR1 as
described above. NKCC activity in HeLa cells, most likely due to
NKCC1, the widely expressed isoform, then was assayed by using
uptake of isotopically labeled rubidium. Ouabain was included to
block Na�, K� ATPase activity that contributes to rubidium
uptake. Under these conditions as expected (22), �90% of the
rubidium uptake was inhibited by bumetanide, an NKCC1�2-
selective inhibitor. The bumetanide-sensitive component was used
as the measurement of NKCC activity. Reduced expression of
OSR1 caused an �40% decrease in NKCC activity in a 5-min assay
(Fig. 5A). Reduced expression of WNK1 caused a comparable
decrease in NKCC activity, ranging from 40% to a nearly 50%
decrease in six experiments. A similar effect was observed with a
second oligonucleotide targeting a different sequence in WNK1
(data not shown). The combination of RNAi toward WNK1 and
OSR1 caused a small further decrease that did not reach statistical
significance.

Because NKCC activity is regulated by changes in osmolarity, we
tested effects of knocking down WNK1 and OSR1 on NKCC
activity in cells exposed to osmotic stress. Based on a time course
in the presence of sorbitol, uptake was assayed after a 30-min
exposure to sorbitol. Knocking down expression of either WNK1 or
OSR1 caused substantial reduction in NKCC activity in the pres-
ence of sorbitol (Fig. 5B). These findings suggest that OSR1 and
WNK1 also are involved in regulation of NKCC activity in response
to osmotic stress.

Discussion
We found that the C terminus of OSR1 binds to a motif present in
three copies in WNK1. Subsequent immunoprecipitation analysis
of endogenous OSR1-associated soluble proteins indicates that
WNK1 is the major protein bound to OSR1 in cells. In fact, these
proteins are associated in a near-stoichiometric ratio. The apparent
lack of effect of sorbitol on their binding indicates that this complex
is present under both normal conditions and during osmotic stress
in cells. In addition to the stable interaction between WNK1 and
OSR1 through noncatalytic regions of each, the rapid activation of
OSR1 by WNK1 is strongly indicative of the significance of their
association in cells. Reduced OSR1 activation in cells in which
WNK1 expression has been knocked down or in cells expressing a
dominant negative WNK1 mutant demonstrates that regulation of
OSR1 activity requires WNK1. These findings lead us to conclude
that OSR1 is a bona fide WNK1 target and that these proteins
function as a unit.

WNK1 activates not only OSR1 but also SPAK in vitro. OSR1
and SPAK are 88% identical in their kinase domains and 75%
identical in their PF2 domains. Thus, it is not surprising that WNK1
also activates SPAK. However, our current data do not allow us to
address the possibility that WNK1 and SPAK interact in cells.
Antibodies that recognize nanogram quantities of recombinant
SPAK did not detect any SPAK protein in HeLa cells expressing
endogenous or siRNA-depleted amounts of OSR1. Thus, the extent
to which SPAK also may form complexes with WNK proteins is
unclear from these experiments. Nevertheless, our findings suggest
that WNK1 is an upstream regulator of both OSR1 and SPAK
in vivo.

Several years ago we isolated cDNAs encoding WNK1, the first
of the four mammalian members of the WNK protein kinase
subgroup identified (14). Pseudohypoaldosteronism type II
(PHAII), a rare form of monogenic hypertension, is associated with
mutations in either WNK1 or WNK4 (15). The disease also known

Fig. 5. Reduced expression of WNK1 or OSR1 inhibits endogenous NKCC1
activity. HeLa cells were treated with the indicated siRNAs for 48 h. 86Rb influx
assays, performed as described in Materials and Methods, were normalized to
uptake under the control condition. (A) Average of six independent experi-
ments. Error bars representing the standard error of the mean are shown. The
control oligonucleotide is an siRNA that targets endogeneous RanBP2. (B)
HeLa cells were treated with the indicated siRNAs for 48 h. Cells were treated
for 30 min with medium minus or plus 0.5 M sorbitol. 86Rb uptake was assayed.
Shown is one of three similar experiments.
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as Gordon’s syndrome manifests itself as hyperkalemia and hyper-
chloremia, often many years before the onset of hypertension. The
mutations in WNK4 were in its coding sequence; these mutations
still have obscure effects on the protein. Mice in which the WNK1
gene has been disrupted do not complete embryonic development
(16). The mutations found in WNK1, through positional cloning
studies, were deletions in introns and were reported to increase its
expression without changing its coding sequence. Thus, under-
standing its normal physiological functions should help to elucidate
disease mechanisms. Mice retaining one wild-type WNK1 allele
display reduced blood pressure, indicating that blood pressure is
sensitive to WNK1 dosage. WNK1 is ubiquitously expressed (14);
however, in kidney, mRNA encoding a splice form lacking a large
portion of the protein kinase domain appears to predominate (23,
24). If protein expression in kidney mirrors transcript abundance,
(which is not always so with WNK1; ref. 25), then in normal
individuals WNK1 kinase-dependent functions may be performed
largely outside kidney. Thus, expression of full-length WNK1 in
kidney in PHAII may induce regulatory events, for example,
activation of apical NKCC2, which may not be part of its normal
physiological repertoire.

NKCC1, NKCC2, and sodium chloride cotransporter together
with the four K� Cl� cotransporters comprise the SLC12 family
(26). NKCC2 (SLC12A1) is expressed predominantly in the thick
ascending limb of the kidney, where it assists in the reabsorption of
ions from its location in the apical membrane. NKCC1 and NKCC2
are inhibited by bumetanide, furosemide, and related diuretics.
NKCC2 is the presumed therapeutic target because of its role in
kidney. NKCC1 (SLC12A2) has a substantial function in regulatory
events that impact ion balance and cell volume control. NKCC1 is
expressed in secretory epithelia, including trachea, salivary glands,
and inner ear. In these tissues, it is localized in the basolateral
membrane and takes up ions to support chloride secretion by apical
chloride channels into the lumen of these tissues (27, 28). NKCC1
is ubiquitously expressed in nonepithelial tissues, such as cardiac
cells and fibroblasts, and influences volume regulation and ion
balance through its sensitivity to changes in osmotic stress, intra-
cellular chloride, and, directly or indirectly, cell volume. Animals
lacking NKCC1 are deaf and display poor balance due to secretory
defects in the inner ear (29). Loss of NKCC1 in mice results in low
blood pressure and loss of vascular tone (30), as does loss of WNK1
(16). In recent studies dealing with forms of salt-sensitive hyper-
tension, it was suggested that regulation of vascular tone is a second
site that may contribute to development of disease (31). Thus, the
effect of NKCC1 on blood pressure may be significantly due to its
effects on venous resistance. Likewise, low blood pressure in
WNK1��� mice may result from its reduced action on NKCC1.

Given their apparent differences in expression in kidney, the
relative paucity of information on WNK2 and WNK3, and the fact
that several studies suggest that WNK1 and WNK4 may act
antagonistically (32), a key issue is the specificity of WNK family
members to regulate OSR1�SPAK and their cotransporter targets.
Some ambiguity exists regarding functions of WNK4; it has been
reported to inhibit NKCC1 function in a reconstituted system and
to reduce membrane expression of sodium chloride cotransporter
in Xenopus oocytes (32–34). On the other hand, recent overexpres-
sion studies suggest that both WNK4 and WNK3 stimulate NKCC1
(20, 35). Based on extensive mass spectrometric analysis of soluble
proteins captured in OSR1 immunoprecipitates, no other WNKs
were associated with OSR1 (S.C.K. and Y.Z., unpublished data).
This result most likely reflects little expression of other WNK family
members in these cells instead of, or perhaps in addition to, OSR1
binding specificity.

SPAK has been reported to interact with NKCC1 in cells (8), and
both OSR1 and SPAK have been reported to interact through the
PF2 domain with NKCC1 and NKCC2 through two-hybrid tests (9).
Overexpression of kinase-dead SPAK and shark NKCC1 in HEK
293 cells reduced NKCC1 activation and its phosphorylation in

response to low ionic strength (9), consistent with the view that
phosphorylation of these sites activates cotransporter function.
Phosphorylation sites identified in the N-terminal cytoplasmic
domain of NKCC1, NKCC2, and sodium chloride cotransporter are
phosphorylated by SPAK and OSR1 in vitro (36). Our findings
suggest that WNK4 has little or no ability to activate OSR1 and
SPAK. This specificity is surprising in view of the overexpression
experiments showing that WNK4 can activate NKCC1 (20). It is
important to note that significant control of many ion transporters
occurs through regulated endocytosis and exocytosis. The impact of
those processes on the function of SLC12 family members has not
yet been fully defined and also may reveal differences and addi-
tional convergences in the functions of WNK family members.

Whereas other studies have shown the potential of WNK family
members to stimulate SLC12 family transporters by using overex-
pression, our data with siRNA show that WNK1 is required to
control endogenous NKCC activity in cultured cells. Based on
current knowledge of expression patterns of the kinases and
cotransporters, we speculate that WNK1 may modulate the activity
of NKCC2 and, perhaps, other members of the SLC12 family, when
it is overexpressed in PHAII. We suggest that one of its normal
targets outside of the kidney is NKCC1. Additional work on the
impact of phosphorylation by OSR1 and SPAK on function of these
cotransporters and the actions of all WNK family members on them
will be required to clarify the importance of these observations to
the normal and pathophysiologic mechanisms of action of WNK
protein kinases. Nevertheless, our findings clearly demonstrate that
WNK1 is an OSR1 kinase sufficient to activate this and the related
downstream protein kinase, is necessary for its basal activity and its
activation in response to osmotic stress, and is required for NKCC1
function in cells.

Materials and Methods
Mutagenesis and Plasmids. The 1.6-kb RT-PCR product encoding
full-length human OSR1 was cloned into pGEX-KG. This plasmid
was used as the template for subsequent mutagenesis. Other OSR1
plasmids were as described in ref. 6. Mutants of OSR1 were created
with the QuikChange kit (Stratagene). cDNAs encoding SPAK and
NKCC2 (SLC12A1) were purchased from American Type Culture
Collection. SPAK was subcloned into pHisParallel. A fragment of
NKCC2 encoding residues 1–175 was subcloned into pGEX-KG.
Constructs were transformed into the bacterial strain TG-1 and
grown at 30°C to reduce the frequency of mutations. All constructs
were sequenced to confirm correct amplification.

Proteins and Antibodies. GST fusion and His-6 tagged OSR1,
WNK1, PAK1, and NKCC2 proteins were expressed in the strain
BLR(DE3)pLys (Novagen). Cells were grown at 30°C to OD600 �
0.5–0.6 and induced with 0.5 mM isopropyl-1-thio-�-D-galactopy-
ranoside at 30°C for 4–6 h before harvest. SPAK was expressed in
Rosetta (DE3) cells as above except at 37°C. Proteins were purified
on glutathione-agarose or Ni2�-NTA-agarose (6, 37). The mono-
clonal anti-Flag antibody was from Sigma and was used at 1:1,000
for immunoblotting and 1:500 for immunoprecipitation. The OSR1
antibody (U5438) was as described and used at 1:5,000 for immu-
noblotting and 1:500 for immunoprecipitation.

Cell Culture and Transfection. HEK 293 cells were grown in Dul-
becco’s modified Eagle medium containing 10% FBS, 1 mM
L-glutamine, and 100 units�ml penicillin�streptomycin at 37°C in
10% CO2. HEK 293 or HeLa cells were transfected with plasmid
DNAs by using FuGENE 6 (Roche Applied Science) and with
dsRNA oligonucleotides by using Oligofectamine (Invitrogen) im-
mediately after subculturing. Oligonucleotides: rWNK1, sense,
gcugaaaugcuaaagggucTT; antisense, gacccuuuagcauuucagcTT;
hWNK1.1, sense, cagacagugcaguauucacTT; antisense, gugaauacug-
cacugucugTT; hWNK1.2, sense, ggaugauaucgaagagcugTT; anti-
sense, cagcucuucgauaucauccTg; hOSR1.1, sense, guacug-
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gaagggcuggaauTT; antisense, auuccagcccuuccaguacTT (all from
Ambion); Ambion control oligonucleotide (catalog no. 4611G);
and RanBP2 target, aatggacgtttccgattta (Dharmacon Research,
Lafayette, CO).

Two-Hybrid Analysis. A Jurkat T cell cDNA library (from Mike
White, University of Texas Southwestern Medical Center) was
screened as described in ref. 38. Protein–protein interactions were
tested by streaking cotransformants on medium lacking Leu, Trp,
and His in addition to �-gal assays.

Immunoprecipitation and in Vitro Kinase Assays. For coimmunopre-
cipitation and kinase assays, lysate proteins (0.1–0.3 mg) were
incubated with the indicated antibody for 1 h at 4°C, and then with
30 ml of a 50% slurry of protein A-Sepharose beads for 1 h. Beads
were washed three times with detergent buffer (0.25 M Tris, pH
7.4�1 M NaCl�0.1% Triton X-100�0.1% sodium deoxycholate) and
one time with 10 mM Hepes (pH 7.6). Beads or purified recom-
binant kinases were incubated with indicated substrates as de-
scribed in the figure legends.

For immunoprecipitation of OSR1-associated proteins, cytosolic
extracts were prepared from HeLa cells by the method described in
Dignam et al. (39). One milliliter of S100 (�16 mg of protein in 20
mM Tris�HCl, pH 8.0�100 mM NaCl�1 mM EDTA�0.5% Nonidet
P-40) was cleared by centrifugation at 20,000 � g for 20 min at 4°C.
The protein was rotated with 20 �g of antibody, affinity purified by
using the antigen OSR1 345–527 for 4 h at 4°C. The cleared solution
was rotated with 40 �l of protein A-Sepharose beads (50% slurry)
for 2 h at 4°C. The immunoprecipitates were washed five times with
20 mM Tris�HCl (pH 8.0)�100 mM NaCl�1 mM EDTA�0.5%
Nonidet P-40. Proteins were eluted with 20 ml of 2� Laemmli
sample buffer and subjected to SDS�PAGE (4–20% Tris�Glycine
Gel; Invitrogen).

Nano-HPLC�Mass Spectrometry Analysis for Protein Identification.
HPLC�MS�MS analysis was performed in an LCQ DECA XP
ion-trap mass spectrometer (ThermoFinnegan, San Jose, CA)
equipped with a nanoelectrospray ionization source. The source
was coupled online to an Agilent 1100 series nano flow LC system
(Agilent Technologies, Palo Alto, CA). Two microliters of the
peptide solution in buffer A (2% acetonitrile�97.9% water�0.1%
acetic acid, vol�vol�vol) was manually injected and separated in a
capillary HPLC column (50 mm length � 75 �m internal diameter,

5-�m particle size, and 300 Å pore diameter) packed in-house with
Luna C18 resin. Peptides were eluted from the column with a 5-min
gradient of 5% to 80% buffer B (90% acetonitrile�9.9% water�
0.1% acetic acid, vol�vol�vol) in buffer A. The eluted peptides were
electrosprayed directly into the LCQ DECA XP ion-trap mass
spectrometer. Normalized energy for collision-induced dissociation
is 35%. Each MS�MS spectrum was obtained by averaging three
microscans with maximum injection time of 110 ms for each
microscan. The MS�MS spectra were acquired in a data-dependent
mode, such that the masses and fragmentation patterns of the two
strongest ions in each MS scan were determined. All spectra were
acquired in centroid mode. Protein sequence database search and
manual verification of the identified proteins were carried out as
described in ref. 40.

NKCC1 Assay. Briefly, 100% confluent HeLa cells were washed
twice with solution A (SA) (140 mM NaCl�5 mM KCl�1 mM
MgCl2�1 mM CaCl2�10 mM Hepes (pH 7.4)�10 mM glucose�10
mM pyruvate�0.1% BSA) and then incubated for 30 min in the
same solution at 37°C and 5% CO2 (22). 86Rb (5 mCi�ml; 1 Ci �
37 GBq) influx was measured for 5 min in assays with or without
10 mM bumetanide (Sigma) at 37°C and 5% CO2. The reactions
were stopped by three rapid washes with an ice-cold solution
containing 0.1 M MgCl2 and 10 mM Hepes, pH 7.4. The cells were
lysed in 2% SDS, and total protein concentration was measured. To
measure NKCC1�2 activity in response to hyperosmotic stress,
HeLa cells were preincubated with 0.5 M sorbitol in medium for the
indicated times. After aspirating the medium, the cells were quickly
washed twice in SA plus 0.5 mM ouabain (SAO), followed by
addition of SAO plus 1 mCi�ml 86Rb with or without 10 mM
bumetanide. Cells were washed, lysed, and assayed as previously
described.
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