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The WNK1 and WNK4 protein kinases that are mutated in Gordon’s
hypertension syndrome phosphorylate and activate SPAK and OSR1
protein kinases
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MRC Protein Phosphorylation Unit, School of Life Sciences, MSI/WTB Complex, University of Dundee, Dow Street, Dundee DD1 5EH, Scotland, U.K.

Mutations in the human genes encoding WNK1 [with no K
(lysine) protein kinase-1] and the related protein kinase WNK4
are the cause of Gordon’s hypertension syndrome. Little is known
about the molecular mechanism by which WNK isoforms regulate
cellular processes. We immunoprecipitated WNK1 from extracts
of rat testis and found that it was specifically associated with
a protein kinase of the STE20 family termed ‘STE20/SPS1-related
proline/alanine-rich kinase’ (SPAK). We demonstrated that WNK1
and WNK4 both interacted with SPAK as well as a closely re-
lated kinase, termed ‘oxidative stress response kinase-1’ (OSR1).
Wildtype (wt) but not catalytically inactive WNK1 and WNK4
phosphorylated SPAK and OSR1 to a much greater extent than
with other substrates utilized previously, such as myelin basic pro-
tein and claudin-4. Phosphorylation by WNK1 or WNK4 mark-
edly increased SPAK and OSR1 activity. Phosphopeptide mapping
studies demonstrated that WNK1 phosphorylated kinase-inactive
SPAK and OSR1 at an equivalent residue located within the
T-loop of the catalytic domain (Thr233 in SPAK, Thr185 in OSR1)

and a serine residue located within a C-terminal non-catalytic
region (Ser373 in SPAK, Ser325 in OSR1). Mutation of Thr185 to
alanine prevented the activation of OSR1 by WNK1, whereas
mutation of Thr185 to glutamic acid (to mimic phosphorylation)
increased the basal activity of OSR1 over 20-fold and prevented
further activation by WNK1. Mutation of Ser325 in OSR1 to
alanine or glutamic acid did not affect the basal activity of OSR1
or its ability to be activated by WNK1. These findings suggest
that WNK isoforms operate as protein kinases that activate SPAK
and OSR1 by phosphorylating the T-loops of these enzymes,
resulting in their activation. Our analysis also describes the first
facile assay that can be employed to quantitatively assess WNK1
and WNK4 activity.
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(MS), Na+–K+–2Cl− co-transporter-1 (NKCC1), protein kinase,
pseudohypoaldosteronism type II (PHAII).

INTRODUCTION

The WNK [with no K (lysine) protein kinase] family of protein
kinases comprise four members (WNK1, WNK2, WNK3 and
WNK4) and were originally identified as distinctive serine/threo-
nine protein kinases that lack a conserved lysine residue normally
found in subdomain II of the catalytic domain [1,2]. Subsequent
studies identified mutations in the genes encoding WNK1 and
WNK4 in families with an inherited hypertension and hyper-
kalaemia (elevated plasma K+) disorder called pseudohypoal-
dosteronism type II (PHAII, also known as Gordon’s syndrome)
[3]. WNK isoforms are large protein kinases (WNK1, 2382 resi-
dues; WNK4, 1243 residues) in which the catalytic domain is lo-
cated at the N-terminus (residues 221–479 for WNK1 and 174–432
for WNK4). Apart from two putative coiled-coil domains, the
remainder of the WNK polypeptides possess no obvious structural
features. Mutations in the WNK1 gene found in PHAII subjects
are deletions in intron-1, which reportedly elevate the expression
of the WNK1 protein, indicating that hypertension could result
from increased expression of WNK1 [3]. Consistent with this
notion, mice lacking one allele of WNK1, which were presumed to
possess decreased levels of WNK1 protein, had lower blood pres-

sure [4]. The WNK1 knockout is an embryonic lethal, indicating
that WNK1 is also required for normal development [4]. Thus
far the mutations in the WNK4 gene found in PHAII subjects lie
distal to both of the putative coiled-coil domains [3,5].

Most functional studies on WNK1 and WNK4 have focused on
the overexpression of these enzymes and monitoring of the effects
that this has on co-expressed ion channels or co-transporters in
Xenopus oocytes or paracellular ion flux through tight junctions
in epithelial cells [6–8]. For example, overexpression of WNK4
markedly inhibited Na+ flux mediated by the Na+–Cl− co-trans-
porter, by reducing its level at the plasma membrane [9,10]. Over-
expression of WNK4 in MDCK (Madin–Darby canine kidney)
epithelial cells increased paracellular ion flux through tight junc-
tions, an effect that was postulated to result from phosphorylation
of claudins, a family of transmembrane tight-junction proteins
[11]. It was recently reported that WNK1 interacted with, and
phosphorylated, synaptotagmin-2, a Ca2+ sensor, which regulates
endocytosis and exocytosis and may affect trafficking of ion
channels to the plasma membrane [12]. In the present study we
have analysed the proteins that interact with WNK1, and this has
led to the identification of two related protein kinases of the STE20
family that are phosphorylated and activated by WNK isoforms.

Abbreviations used: DTT, dithiothreitol; ERK, extracellular-signal-regulated kinase; GST, glutathione S-transferase; H2A, histone 2A; ki, kinase-inactive;
MALDI-TOF, matrix-assisted laser-desorption ionization–time-of-flight; MBP, myelin basic protein; NKCC1, Na+–K+–2Cl− co-transporter-1; OSR1, oxidative
stress response kinase-1; PHAII, pseudohypoaldosteronism type II; SPAK, STE20/SPS1-related proline/alanine-rich kinase; WNK, with no K (lysine) protein
kinase; WNK1-(CT), WNK1 C-terminus; wt, wild-type.
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MATERIALS AND METHODS

Immunoprecipitation of endogenous WNK1

The WNK1-(CT) (WNK1 C-terminus) and pre-immune IgG anti-
bodies were covalently coupled to Protein G–Sepharose in a ratio
of 1 mg of antibody to 1 ml of resin using a dimethyl pime-
limidate cross-linking procedure [13]. As a pre-clearing step,
50 mg of rat testis lysate was incubated at 4 ◦C for 20 min on
a rolling shaker with 0.5 ml of Protein G–Sepharose. The super-
natant was then incubated at 4 ◦C for 1 h on a rolling shaker with
50 µl of WNK1-(CT) or IgG–Protein G–Sepharose-conjugated
antibodies. The immunoprecipitates were washed four times with
10 ml of Lysis Buffer containing 0.15 M NaCl and lacking DTT
(dithiothreitol) and twice with 10 ml of 10 mM Tris/HCl (pH 8)/
0.1 mM EGTA. The resin was resuspended in a total volume
of 0.1 ml and 30 µl of NuPAGE® LDS Sample Preparation Buffer
[purchased from Invitrogen and containing 0.14 M Tris, 2 % (w/v)
LDS (lithium dodecyl sulphate) and 10% (v/v) glycerol, final
pH 8.5] in the absence of DTT. The samples were filtered through
a 0.44-µm-pore-size Spin-X filter tube (Corning), DTT was added
to a final concentration of 10 mM, then samples were heated for
5 min at 70 ◦C and concentrated by speed-vacuum centrifugation
to 30 µl. Samples were alkylated for 30 min at room temperature
using 50 mM 4-vinylpyridine in 10 mM NH4HCO3 and then
subjected to electrophoresis on a 4–12% (w/v) polyacrylamide
gel using Mops as a running buffer. The gel was stained with
colloidal Coomassie Blue (Invitrogen). The bands were excised,
washed and digested with trypsin as described previously [14].
Peptides were analysed by combined MALDI-TOF (matrix-
assisted laser-desorption ionization–time-of-flight) and MALDI-
TOF/TOF MS analysis on an Applied Biosystems 4700 ToF/ToF
Proteomics Analyser using 5 mg/ml α-cyanocinnamic acid in
10 mM ammonium phosphate as the matrix or by liquid chro-
matography–MS on an Applied Biosystems 4000 Q-TRAP
instrument. The Celera Discovery System (Applied Biosystems)
Rodent database was searched using the Mascot search algorithm
(http://www.matrixscience.com [15]).

Expression and purification of GST (glutathione S-transferase)
fusion proteins in HEK-293 cells

Dishes (10 cm diameter) of HEK-293 cells were transfected with
5–10 µg of the pEBG-6P or pEBG-2T constructs alone or together
with the indicated pCMV5 constructs using the polyethylenimine
method [16]. At 36 h post-transfection the cells were lysed in
0.5 ml of ice-cold Lysis Buffer and the clarified lysates were
incubated for 1 h on a rotating platform with glutathione–
Sepharose 4B (10 µl/10-cm-diameter dish of lysate) previously
equilibrated in Lysis Buffer. The beads were washed four times
with Lysis Buffer containing 0.15 M NaCl and twice with
Buffer A [50 mM Tris/HCl (pH 7.5)/0.1 EGTA/1 mM DTT] con-
taining 0.27 M sucrose. The resin was incubated in a 1:1 slurry
of Buffer A containing 0.27 M sucrose and 20 mM glutathione
to elute the GST-fusion proteins. The beads were then removed
by filtration through a 0.44-µm-pore-size Spin-X filter tube
(Corning) and the eluate divided into aliquots, snap-frozen in
liquid N2 and stored at −80 ◦C.

Expression of WNK1-(1–661), SPAK (oxidative stress response
kinase 1), OSR1 (STE/SPS1-related proline/alanine-rich kinase),
NKCC1-(1–260) [Na+–K+-2Cl− co-transporter 1-(1–260)]
and claudin-4 in Escherichia coli

All pGEX-6P-1 constructs were transformed into BL21 E. coli
cells and a 0.5-litre culture was grown at 37 ◦C in Luria Broth
containing 100 µg/ml ampicillin and 30 µg/ml chloramphenicol

until the D600 (attenuance at 600 nm) was 0.8. Isopropyl β-D-
thiogalactopyranoside (‘IPTG’; 30 µM) was then added. The cells
were cultured for a further 8–16 h at 26 ◦C, resuspended in 12.5 ml
of ice-cold Lysis Buffer and frozen in liquid N2. After thawing,
12.5 ml of Lysis Buffer containing 1 mg/ml chicken egg lysozyme
and 10 units/ml of DNase1 were added. Samples were gently
agitated at 4 ◦C for 20 min and then sonicated briefly. Lysates
were centrifuged at 4 ◦C for 15 min at 26 000 g and incubated with
0.5 ml of glutathione–Sepharose for 1 h. The resin was washed
in Lysis Buffer containing 0.5 M NaCl, followed by Buffer A con-
taining 0.27 M sucrose. Proteins were either eluted by the addition
of 20 mM glutathione or by incubating the resin overnight with
GST-PreScissionTM Protease (30 µg/ml of slurry; for source, go
to http://www.BiochemJ.org/bj/391/bj3910017add.htm) Eluted
protein was stored in aliquots in −80 ◦C.

In vitro WNK1 and WNK4 phosphorylation reactions

Assays were set up in a total volume of 25 µl of Buffer A con-
taining 0.1 µM kinase {GST–WNK1-(1–661), GST–[D368A]-
WNK1-(1–661), GST–WNK4-(1–593) or GST–[K186A/
D321A]WNK4-(1–593)}, 5 µM of substrate {[D212A]SPAK,
[D164A]OSR1, MBP (myelin basic protein), claudin-4 or H2A
(histone 2A)}, 10 mM MgCl2 and 0.1 mM [γ -32P]ATP
(≈300 c.p.m./pmol). After incubation for 30 min at 30 ◦C, incor-
poration of phosphate was determined after electrophoresis of
samples on a NuPAGE® Bis-Tris/10%-polyacrylamide gels
and autoradiography of the dried Coomassie Blue-stained gels.
The proteins bands corresponding to SPAK, OSR1, MBP,
claudin-4 and H2A were excised, and phosphate incorporation
was quantified on a Wallac liquid-scintillation counter.

Activation of SPAK/OSR1 by WNK1/WNK4

The activation assays mixtures were set up in a total volume of
25 µl of Buffer A containing 0.25 µM kinase {GST–WNK1-
(1–661), GST–[D368A]WNK1-(1–661), GST–WNK4-(1–593)
or GST–[K186A/D321A]WNK4-(1–593)}, 5 µM substrate
(GST–SPAK, [D212A]-GST–SPAK, GST–OSR1 or [D164A]-
GST–OSR1), 10 mM MgCl2 and 0.1 µM non-radioactive ATP.
After incubation for 40 min at 30 ◦C, 5 µl of the activation assay
mix was transferred to 20 µl of a solution containing 6.25 µM
NKCC1-(1–260), 10 mM MgCl2 and 0.1 µM [γ -32P]ATP
(≈300 c.p.m./pmol). After incubation for 20 min at 30 ◦C,
incorporation of phosphate was determined after electrophoresis
of samples on a NuPAGE® Bis-Tris/10%-polyacrylamide gel and
autoradiography of the dried Coomassie Blue-stained gels. The
protein bands corresponding to NKCC1 were excised and phos-
phate incorporation was quantified on a Wallac liquid-scintillation
counter. It should be noted that NKCC1-(1–260) (in which the
GST tag has been removed) migrates with an apparent molecular
mass of 40 kDa on our gel system. Electrospray MS confirmed
that the molecular mass of the NKCC1-(1–260) fragment cor-
responded to the theoretical mass (results not shown).

Mapping phosphorylation sites on SPAK and OSR1

The phosphorylation assays were set up in a 25 µl volume of Buf-
fer A containing 2 µM GST–WNK1-(1–661), 10 µM [D212A]-
SPAK or [D164A]OSR1, 10 mM MgCl2, 0.1 µM [γ -32P]ATP
(≈2000 c.p.m./pmol). After incubation for 40 min at 30 ◦C, incor-
poration of phosphate was determined after electrophoresis of
samples on a NuPAGE® Bis-Tris 10%-polyacrylamide gel and
autoradiography of Coomassie Blue-stained gels. The protein
bands corresponding to SPAK and OSR1 were excised, and
phosphate incorporation was quantified on a Wallac liquid-
scintillation counter. After tryptic digestion, more than 86% of
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Figure 1 Analysis of WNK1-binding proteins

(A) Rat tissue extracts (40 µg of protein) were immunoblotted with the indicated antibodies. Similar findings were obtained in at least two separate experiments. (B) Rat testis extracts were subjected
to immunoprecipitation with WNK1 or pre-immune antibody. The immunoprecipitates were subjected to PAGE and the protein bands visualized following colloidal Coomassie Blue staining. The
major bands observed in the WNK1, but not the pre-immune, purification are indicated. (C) These bands, as well as the corresponding region in the preimmune sample, were excised from the gel,
digested in-gel with trypsin, and the identities of the proteins were determined by tryptic-peptide mass-spectral fingerprinting as described in the Materials and methods section. Mascot protein
score where a value of >63 is considered significant (P < 0.05), number (No.) of peptides sequenced by MALDI-TOF/TOF-MS/MS (SPAK and SDB84) and liquid chromatography–tandem MS
(WNK1) and the accession numbers for each protein identified are indicated. Tryptic peptides derived from WNK1, WNK3, SPAK and SDB84 were present in the WNK1, but not in the preimmune,
immunoprecipitate.

the 32P radioactivity incorporated into the gel band was recovered
and the samples were chromatographed on a reverse-phase Vydac
218TP5215 C18 HPLC column as described in the legend of
Figure 5 (below). Peptide analysis of the fractions corresponding
to the major 32P-containing peaks was performed using an Applied
Biosystems 4700 Proteomics Analyser (MALDI-TOF/TOF) and
solid-phase Edman degradation on an Applied Biosystems 494C
sequenator of the peptide coupled to Sequelon-AA membrane
(Milligen Corp., Bedford, MA, U.S.A.) as described previously
[17].

Supplementary materials and methods

Supplementary materials and methods, including the topics
Materials, Antibodies, General methods and buffers, DNA con-
structs, Immunoblotting, Multiple sequence alignment and sup-
plementary references can be accessed by going to http://
www.BiochemJ.org/bj/391/bj3910017add.htm.

RESULTS

Analysis of WNK1-interacting proteins

To identify a tissue in which WNK1 was highly expressed, we
immunoblotted adult rat tissue extracts with two anti-WNK1 anti-
bodies (Figure 1A). We found that WNK1 was expressed in
several tissues, but was most abundant in testis. We were unable
to detect significant expression of WNK1 in skeletal-muscle or
kidney extracts (Figure 1A). WNK1 was also expressed at a high
level in HEK-293 epithelial cells, albeit at a lower level than in
testis. In order to identify WNK1-binding proteins, we immuno-
precipitated endogenous WNK1 from 50 mg of testis extract and,
in parallel experiments, performed a control immunoprecipitation

using a pre-immune antibody. The purified preparations were
subjected to electrophoresis on a polyacrylamide gel, which was
then stained with colloidal Coomassie Blue (Figure 1B). The iden-
tities of the major bands in the WNK1 and the control immuno-
precipitation were established by tryptic-peptide MS fingerprint-
ing procedures (Figure 1C; results not shown). In the WNK1
immunoprecipitation, the major 250 kDa band that was not pres-
ent in the control immunoprecipitates was identified as WNK1.
In addition to WNK1, one major colloidal Coomassie Blue-
stained band at ≈65 kDa was also only observed in the WNK1,
and not in the control immunoprecipitation, and this was identified
as SPAK, a STE20-like kinase [18]. Interestingly, Gagnon and
co-workers have also recently reported that WNK4 can interact
with SPAK in a yeast two-hybrid system [19]. Two other more
minor bands that appeared specifically associated with WNK1
immunoprecipitate were identified as WNK3 (≈220 kDa) [2]
and SDB84 antigen (≈45 kDa) [20]. WNK3 is unlikely to be
directly immunoprecipitated with the WNK1 antibody raised
against the C-terminal peptide of WNK1, as the sequence to which
the antibody was raised is not conserved in WNK3. However,
as WNK1 and WNK4 have been reported to oligomerize [21],
WNK3 might also bind WNK1. We cloned SDB84, but were
unable to demonstrate that it interacted with WNK1 when
overexpressed in HEK-293 cells, suggesting that it may not
interact with WNK1 directly. We were also unable to demonstrate
that WNK1 phosphorylated recombinant SDB84 in a standard
in vitro kinase assay (results not shown).

Specific interaction of WNK1 and WNK4 with SPAK and OSR1

SPAK belongs to a group of four highly related STE20 family
kinases, the other members being OSR1 [22], STRADα and
STRADβ [23,24] (Figure 2A). SPAK and OSR1 are reported
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Figure 2 Interaction of WNK1/WNK4 with SPAK and OSR1

(A) Multiple sequence alignment of the indicated STE20 human kinases. Identical residues are highlighted in black and similar residues are highlighted in grey. The kinase domain is marked with
a continuous line, regions of non-similarity between SPAK and OSR1 are marked with a dotted line, the Mg2+-binding aspartic acid residue mutated to inactivate SPAK and OSR1 is marked with a
triangle, the T-loop threonine residue phosphorylated by WNK1/WNK4 is marked with an asterisk, and the non-catalytic serine residue phosphorylated by WNK1/WNK4 with a square. (B) HEK-293
cells were transfected with constructs encoding the indicated GST-fusion proteins. At 36 h post-transfection, the GST-fusion proteins were affinity-purified and immunoblotted with GST antibodies or
WNK1 antibody to detect endogenously associated WNK1. (C) HEK-293 cells were co-transfected with the indicated combinations of FLAG-tagged WNK1/WNK4, GST–SPAK, GST–OSR1 or empty
pEBG2T vector. GST-fusion proteins were affinity-purified and immunoblotted with FLAG antibody to detect WNK1 or WNK4 expression or GST antibody to detect SPAK, OSR1 or GST expression.

to be active kinases and are 68% identical in sequence with one
another (89% in the catalytic domain). STRADα and STRADβ
are catalytically inactive pseudokinases that interact with, and ac-
tivate, the LKB1 tumour suppressor protein kinase [23,24] and
are ≈30% identical in their pseudokinase domains with the cata-
lytic domain of SPAK and OSR1. In order to analyse the binding
of WNK1 to these STE20 family kinases, we expressed SPAK,
OSR1, STRADα and STRADβ as GST fusion proteins in HEK-
293 cells and, following affinity purification, tested whether
they were associated with endogenously expressed WNK1. Both
SPAK and OSR1, but neither isoform of STRAD, interacted
with WNK1 (Figure 2B). As described in the Introduction,
mutations in WNK4, like those found in WNK1, lead to Gordon’s
syndrome, suggesting that WNK1 and WNK4 may possess similar
physiological functions and/or interacting partners. We therefore
sought to determine whether WNK4 could also interact with
SPAK and OSR1. We overexpressed WNK4 with SPAK and
OSR1 in HEK-293 cells, as endogenous WNK4 is not detectable
in these cells, and found that WNK4 interacted with SPAK and
OSR1 (Figure 2C).

Phosphorylation of SPAK/OSR1 by WNK1/WNK4

We next tested whether an N-terminal fragment of WNK1, en-
compassing residues 1–661, the largest catalytically active frag-
ment of WNK1 that we have thus far been able to express
in a soluble form [25], could phosphorylate SPAK and OSR1.
We found that WNK1-(1–661), expressed in E. coli (Figure 3A)

or HEK-293 cells (results not shown), was capable of phosphoryl-
ating catalytically inactive mutants of [D212A]SPAK (Figure 3A,
lane 3) or [D164A]OSR1 (Figure 3A, lane 5). A catalytically
inactive mutant of WNK1, namely [D368A]WNK1-(1–661), did
not phosphorylate SPAK or OSR1, suggesting that wt (wild-type)
WNK1 directly phosphorylates SPAK (Figure 3A; cf. lanes 3 and
4) and OSR1 (Figure 3A; cf. lanes 5 and 6). Under the conditions
employed, in which all substrates were assayed at a concentration
of 5 µM, SPAK and OSR1 were phosphorylated to a significantly
greater extent than MBP, a previously utilized as an in vitro
substrate [1], claudin-4, a previously reported WNK4 substrate
[11], or H2A.

To evaluate whether WNK4 could phosphorylate SPAK and
OSR1, we expressed a fragment of WNK4-(1–593) in HEK-293
cells, as we could not express WNK4 in E. coli, and found that, like
WNK1, it could phosphorylate SPAK and OSR1 (Figure 3B). A
catalytically inactive mutant of WNK4, namely [K186A/D321A]-
WNK4-(1–593), did not phosphorylate SPAK or OSR1. WNK4-
(1–593) did not significantly phosphorylate MBP, Claudin-4 or
H2A (Figure 3B).

Activation of SPAK/OSR1 by WNK1/WNK4

We next tested whether WNK isoforms could activate SPAK or
OSR1. In order to assess the activity of SPAK and OSR1, we
employed a fragment of NKCC1 encompassing the N-terminal
intracellular domain (residues 1–260) that SPAK has been re-
ported to phosphorylate [26]. Active WNK1, wt full-length SPAK

c© 2005 Biochemical Society



Activation of SPAK and OSR1 kinases by WNKs 21

Figure 3 Phosphorylation of SPAK/OSR1 by WNK1 and WNK4

(A) Kinase-active wt WNK1-(1–661) or kinase-inactive (ki) [D368A]WNK1-(1–661) was incub-
ated with the indicated proteins (ki-[D212A]SPAK, ki [D164A]OSR1, MBP, claudin-4 and H2A)
in the presence of Mg2+ and [γ -32P]ATP. Phosphorylation of protein substrates was determined
after PAGE and autoradiography (upper panel) of the Coomassie Blue-stained bands (lower
panel) corresponding to each substrate. It should be noted that recombinant SPAK and OSR1
migrate as a doublet band with the upper band migrating with the expected molecular mass
for the full-length protein. We presume that the lower band is a proteolytic fragment lacking
the C-terminal region, as these enzymes were expressed as N-terminal GST-fusion proteins.
(B) As above, expect that kinase-active wt WNK4-(1–593) or ki [K186A/D321A]WNK4-(1–593)
were employed. A double mutant of WNK4 was generated in order to ensure complete catalytic
inactivation of the kinase. For both (A) and (B) each experimental condition was assayed in
duplicate and similar results obtained in at least two different experiments.

or OSR1 and NKCC1-(1–260) employed in these studies were
expressed in E. coli to ensure that they were not contaminated with
any other mammalian kinase. WNK1, SPAK or OSR1 alone did
not phosphorylate NKCC1-(1–260) significantly (Figures 4A and
4B, lanes 1 and 3). However, if SPAK or OSR1 (Figures 4A
and 4B, lane 5) were incubated with active WNK1-(1–661), in the
presence of Mg-ATP, NKCC1-(1–260) was markedly phosphoryl-
ated. The extent of phosphorylation was over 100-fold higher for
SPAK and over 60-fold higher for OSR1 than background levels
observed with SPAK or OSR1 alone. In contrast, a catalytically
inactive mutant of WNK1 failed to activate SPAK and OSR1
(Figures 4A and 4B, lane 7). Moreover, catalytically inactive
[D212A]SPAK or [D164A]OSR1 were not activated by WNK1-
(1–661) (Figures 4A and 4B, lane 6). wt WNK4-(1–593), but
not catalytically inactive WNK4-(1–593), was also capable of
activating SPAK (Figure 4C) and OSR1 (Figure 4D).

Residues in SPAK and OSR1 that are phosphorylated by WNK1

To map the WNK1 phosphorylation sites in SPAK and OSR1, the
catalytically inactive mutants [D212A]SPAK and [D164A]OSR1
were phosphorylated by WNK1-(1–661). Under these conditions,
SPAK and OSR1 were phosphorylated to 0.20 and 0.36 mol of

phosphate/mol respectively. We were unable to phosphorylate
the SPAK and OSR1 to a higher stoichiometry, indicating that a
significant proportion of the recombinant enzymes may be in
a conformation that is not phosphorylated. 32P-labelled SPAK
(Figure 5A) and OSR1 (Figure 5C) were digested with trypsin
and chromatographed on a C18 column to isolate 32P-labelled
phosphopeptides. The analysis of SPAK (Figure 5A) revealed
one major phosphopeptide (P1) and three minor phosphopeptides
(P2, P3 and P4). A similar profile of one major (P5) and three
minor (P6, P7 and P8) phosphopeptides was obtained for OSR1
(Figure 5C). MS and solid-phase Edman sequencing of the SPAK
phosphopeptides established the identity of P1 and P2 as pep-
tides phosphorylated at Ser373 and P3 and P4 as peptides phospho-
rylated at Thr233 (Figure 5A, lower panel). The OSR1 P5 and P6
peptides were phosphorylated at Ser325 (the residue equivalent to
Ser373 of SPAK) and P7 and P8 peptides were phosphorylated
at Thr185 (the residue equivalent to Thr233 of SPAK) (Figure 5D).
Thr233/Thr185 are located within the kinase domain T-loop, whereas
Ser373/Ser325 lie in a conserved C-terminal non-catalytic region of
SPAK and OSR1 (Figure 2A).

We next assessed how mutation of Thr185 and Ser325 in OSR1
affected phosphorylation by WNK1. Mutation of Thr185 moder-
ately decreased phosphorylation of OSR1 by WNK1, whereas
mutation of Ser325 virtually abolished phosphorylation of OSR1
by WNK1 (Figures 6A and 6B). Similar results were obtained
employing WNK4 (Figure 6C), indicating that WNK4 phospho-
rylates the same residues on OSR1 that are phosphorylated by
WNK1.

Activation of OSR1 requires Thr185 but not Ser325 phosphorylation

In order to determine the importance of the phosphorylation of
Thr185 and Ser325 in regulating the activation of OSR1 by WNK1,
we mutated these residues to either alanine (to prevent phos-
phorylation) or glutamic acid (to mimic phosphorylation) and
determined how this affected the activation of OSR1 by WNK1.
Mutation of Thr185 to alanine prevented WNK1 from activating
OSR1 (Figure 7, lane 6). Consistent with Thr185 phosphorylation
mediating activation of OSR1, mutation of Thr185 to glutamic
acid markedly enhanced OSR1 activity (Figure 7, lane 7) and
this mutant could not be activated further by phosphorylation
with WNK1 (Figure 7, lane 8). Mutation of Ser325 to alanine or
glutamic acid had no effect on the basal activity of OSR1 or on
the ability of WNK1 to activate OSR1 (Figure 7, lanes 9–12).
Double OSR1 mutants in which both Thr185 and Ser325 were altered
to either alanine (Figure 7, lanes 13 and 14) or glutamic acid
(Figure 7, lanes 15 and 16) had similar properties to the single
Thr185 mutants.

DISCUSSION

We report here that endogenously expressed WNK1 in testis is as-
sociated with SPAK and that WNK1 and WNK4 can phos-
phorylate and activate SPAK and OSR1 in vitro. WNK isoforms
are likely to have a very restricted substrate specificity, as they
failed to phosphorylate significantly any of ≈50 proteins or
≈500 synthetic peptides that we had previously tested (results
not shown). It is a common feature of upstream kinases, such
as Raf, MEK [MAPK (mitogen-activated protein kinase)/ERK
(extracellular-signal-regulated kinase) kinase], PDK1 (3-phos-
phoinositide-dependent kinase 1) and LKB1, that they tend to
possess highly restricted substrate specificities. Our results also
indicate that activation of OSR1 by WNK1 is mediated by the
phosphorylation of Thr185 within its T-loop. This is based on
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Figure 4 Activation of SPAK/OSR1 by WNK1 and WNK4

(A) The indicated combinations of wt or ki WNK1-(1–661) were tested for their ability to activate wt SPAK or ki [D212A]SPAK. Activity of SPAK was assayed employing [1-260]NKCC1 as a substrate.
Phosphorylation of NKCC1 was quantified after PAGE and autoradiography (middle panel) of the Coomassie Blue-stained band of NKCC1-(1–260) (lower panel). The phosphorylation of NKCC1
was also measured as 32P radioactivity by Cerenkov counting (upper panel). The results are plotted as means +− S.D. for a duplicate experiment relative to the phosphorylation obtained with wt SPAK
alone. (B) As above, except that wt OSR1 or ki [D164A]OSR1 were employed. (C and D) As above, except that wt WNK4-(1–593) or ki [K186A/D321A]WNK4-(1–593) were employed.

the finding that OSR1 is phosphorylated at Thr185 by WNK1,
mutation of Thr185 to alanine abolishes activation of OSR1 by
WNK1 and that mutation of Thr185 to glutamic acid is sufficient
to activate OSR1 in the absence of WNK1. Thus the mechanism
of activation of OSR1 is similar to that of many other kinases and
is mediated by phosphorylation of the T-loop residue [27]. It is
likely that SPAK will be activated by WNK1 in a similar manner
to OSR1.

Interestingly, the major site that WNK1 phosphorylates in
SPAK and OSR1 is not the T-loop Thr, but a Ser residue located
in a C-terminal non-catalytic region of the enzyme. Both phos-
phorylation sites on WNK1 and WNK4, as well as the residues
surrounding them, are conserved in mammalian, Xenopus (frog),
Drosophila (fruitfly) and Caenorhabditis elegans (nematode
worm) homologues of SPAK/OSR1. The role that phosphoryl-
ation of the serine residue plays is unknown, as its mutation does
not affect the basal activity of OSR1, nor does it affect its ability to
be activated by WNK1. Further analysis is therefore required
to define the role that the serine phosphorylation site plays in
regulating SPAK and OSR1 function.

We have also observed consistently that OSR1 is phos-
phorylated more efficiently by WNK1 and WNK4 than SPAK
(Figure 3), despite the residues surrounding the sites of phos-
phorylation being almost identical in SPAK and OSR1 (Fig-
ure 2A). Major differences between SPAK and OSR1 are the pres-
ence of a highly unusual proline-and-alanine-rich motif within the
first 50 amino acid residues of SPAK and a region spanning ≈40
amino acids towards the C-terminal region (Figure 2A) that might
affect its folding when expressed in E. coli and/or its ability to
interact with WNK isoforms. SPAK has also been reported to in-
teract with various cytoskeletal components [28] that could

potentially play a scaffolding role to facilitate the phosphorylation
of SPAK by WNK isoforms. We have been unable to express re-
combinant forms of full-length non-degraded WNK1 and WNK4,
owing to the large size of these enzymes, and therefore it is
possible that the full-length kinases would phosphorylate SPAK
and OSR1 more efficiently than the catalytic fragments of
WNK1 and WNK4 employed in the present study.

The analysis of WNK1 and WNK4 activity has been hampered
by the lack of a sensitive and quantitative in vitro assay. Previous
studies relied upon measurement of the autophosphorylation
activity of WNK1/WNK4 and its ability to poorly phosphorylate
MBP and histone. The finding that WNK isoforms phosphoryl-
ate and activate OSR1 and SPAK can readily be adapted to pro-
vide a sensitive and accurate method for assessing WNK isoform
activity in vitro. Moreover, as WNK1+/− mice possess lower blood
pressure [4], and mutations in the WNK1 gene that increase its
expression lead to Gordon’s hypertension syndrome in humans
[3], drugs which inhibit WNK1 activity might be useful in the
treatment of this disorder and of hypertension in general. The as-
says that we have developed in the present study could be deployed
in a screen to identify small-molecule inhibitors of WNK1.

SPAK was previously demonstrated to phosphorylate and
activate the NKCC1 co-transporter [26]. NKKC1 was also shown
to interact with SPAK and OSR1 and to localize SPAK to the apical
membrane of choroid-plexus epithelial cells [29]. In addition
to directly activating NKCC1 by phosphorylation, SPAK was sug-
gested to play a scaffolding role in regulating NKCC1 function,
perhaps by controlling its phosphorylation by other kinases [28].
Recently, WNK4 was reported to interact with SPAK in a yeast
two-hybrid screen, and evidence was presented that co-expression
of WNK4 and SPAK in Xenopus oocytes increased potassium
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Figure 5 Analysis of phosphorylation of SPAK and OSR1

(A) ki [D212A]SPAK was phosphorylated by wt WNK1-(1–661) for 40 min under conditions in
which phosphorylation was maximal (results not shown). The 32P-labelled SPAK was isolated
by PAGE, digested with trypsin and the resulting peptides were chromatographed on a C18

column. Fractions containing the major 32P-labelled peptides are marked. (B) The indicated
peptides were analysed by MALDI-TOF/TOF-MS as described in the Materials and methods
section. The site of phosphorylation within each peptide was determined by solid-phase Edman
sequencing in which 32P radioactivity was measured after each cycle of Edman degradation.
The cycle number in which 32P radioactivity was released is indicated. The deduced amino
acid sequences of peptides P1, P2, P3, and P4 are indicated; the phosphorylated residues are
underlined. (C and D) As above, except that ki [D164A]OSR1 was employed.

Figure 6 Analysis of phosphorylation of OSR1 by WNK1 and WNK4

(A) The indicated mutants of the ki [D164A]OSR1 were phosphorylated by wt WNK1-(1–661)
in the presence of Mg2+ and [γ -32P]ATP. Phosphorylation of OSR1 was determined after
PAGE and autoradiography (upper panel) of the Coomassie Blue-stained band (lower panel)
corresponding to OSR1. (B) As above, except that phosphorylation reactions were terminated at
the indicated time points and the stoichiometry of 32P phosphorylation of the indicated mutants
of ki OSR1 was determined by Cerenkov counting. The results are plotted as means +− S.D.
for an experiment performed in duplicate. Abbreviations: ki, kinase-inactive [D164A]OSR1; TA,
[D164A/T185A]OSR1; SA, [D164A/S325A]OSR1; TASA, [D164A/T185A/S325A]OSR1. (C) As
in (A), except that WNK4-(1–593) was employed.

Figure 7 Analysis of activation of OSR1 by WNK1

The indicated mutants of OSR1 were incubated in the absence (−) or presence (+) of
WNK1-(1–661) in the presence of Mg2+ and [γ -32P]ATP. After this incubation, the activity
of OSR1 was assayed employing NKCC1-(1–260) as a substrate. Phosphorylation of NKCC1
was quantified after PAGE and autoradiography (middle panel) of the Coomassie Blue-stained
band of NKCC1-(1–260) (lower panel). The phosphorylation of NKCC1 was also measured as 32P
radioactivity by Cerenkov counting (upper panel). The results are plotted as means +− S.D. for a
duplicate experiment relative to the phosphorylation obtained with wt OSR1 alone. Abbreviations:
ki, kinase-inactive [D164A]OSR1; TA, [T185A]OSR1; TE, [T185E]OSR1; SA, [S325A]OSR1; SE,
[S325E]OSR1; TASA, [T185A/S325A]OSR1; TESE, [T185E/S325E]OSR1.

Figure 8 Summary of the mechanism by which hyperosmotic stresses may
stimulate NKCC1 co-transporter activity

uptake through the NKCC1 transporter [19]. That study did not ad-
dress the question as to whether WNK4 could phosphorylate and
activate SPAK, but the finding that stimulation of NKCC1 activity
was only observed following overexpression of wt WNK4 and
SPAK, but not by overexpression of inactive WNK4 or SPAK
[19], is consistent with the notion that WNK4 could activate
NKCC1 through its ability to phosphorylate and activate SPAK.
Our findings also indicate that, in addition to WNK4 activating
SPAK, WNK1 can also mediate the activation of SPAK, as well
as OSR1, and could therefore play a similar role in regulating
NKCC1 activity.

The rate of autophosphorylation of endogenously expressed
WNK1 is increased ≈5-fold by hypertonic stress in kidney epi-
thelial cells and in breast- and colon-cancer cell lines [30]. These
conditions are well known to stimulate NKCC1 activity by
inducing its phosphorylation, leading to increased uptake of Na+

and K+ ions to maintain cell volume [31,32]. As summarized in
Figure 8, we suggest that hyperosmotic stress induces the activ-
ation of WNK isoforms through an uncharacterized mechanism,
leading to the phosphorylation and activation of SPAK and OSR1,
which then phosphorylate and stimulate the activity of the NKCC1
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co-transporter. Significant further studies are required to validate
this model. In particular, it will be important to establish that
phosphorylation and activation of SPAK and/or OSR1, as well as
NKCC1, is dependent on WNK activity in vivo. This may not be
a trivial task, owing to the presence of four distinct isoforms of
WNK in mammalian cells. It will also be important to investigate
the effect of mutating the sites on SPAK/OSR1 phosphorylated
by WNK1, of the ability of WNK isoforms to stimulate NKCC1
activity, and also to determine the role phosphorylation of the
serine residue phosphorylated by WNKs plays in controlling
SPAK/OSR1 function. It would also be interesting to investigate
whether any mutations in the SPAK and OSR1 protein kinases
are found in humans with familial hypertension syndrome and
whether SPAK and OSR1 kinases are hyperactive in subjects
with Gordon’s syndrome.
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