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Background:WNK1 binds OSR1 via RFXV motifs and is on intracellular puncta.
Results: C-terminal WNK1 segments bind OSR1 and localize to puncta like endogenous WNK1; changes in tonicity decrease
WNK1 mobility.
Conclusion: Complex interplay of protein-protein interactions, changes in tonicity, and localization control the WNK-OSR1
cascade.
Significance: WNK function varies because of family member and splice form expression, protein interactions,
and localization.

Two of the fourWNK (with no lysine (K)) protein kinases are
associatedwith a heritable formof ion imbalance culminating in
hypertension. WNK1 affects ion transport in part through acti-
vation of the closely related Ste20 family protein kinases oxida-
tive stress-responsive 1 (OSR1) and STE20/SPS1-related pro-
line-, alanine-rich kinase (SPAK). Once activated by WNK1,
OSR1 and SPAK phosphorylate and stimulate the sodium,
potassium, two chloride co-transporters, NKCC1 and NKCC2,
and also affect other related ion co-transporters. We find that
WNK1 and OSR1 co-localize on cytoplasmic puncta in HeLa
and other cell types. We show that the C-terminal region of
WNK1 including a coiled coil is sufficient to localize the frag-
ment in a manner similar to the full-length protein, but some
other fragments lacking this region are mislocalized. Photo-
bleaching experiments indicate that both hypertonic and hypo-
tonic conditions reduce themobility ofGFP-WNK1 in cells. The
four WNK family members can phosphorylate the activation
loop of OSR1 to increase its activity with similar kinetic con-
stants. C-terminal fragments ofWNK1 that contain three RFXV
interaction motifs can bind OSR1, block activation of OSR1 by
sorbitol, and prevent the OSR1-induced enhancement of ion
co-transporter activity in cells, further supporting the conclu-
sion that association with WNK1 is required for OSR1 activa-
tion and function at least in some contexts. C-terminal WNK1

fragments can be phosphorylated by OSR1, suggesting that
OSR1 catalyzes feedback phosphorylation of WNK1.

WNKs (with no lysine (K)) are large protein-serine/threo-
nine kinases found in all multicellular and many unicellular
eukaryotes (1–3). WNK1, the first member of the family iden-
tified inmammals, was found in searches for novel components
of protein kinase cascades (4).WNK1 is expressed ubiquitously,
consistent with effects on many cell types (4–7). Alternative
splicing of at least eight exons and transcription initiation from
at least two start sites generate a myriad of WNK1 variants
containing from just under 2000 to more than 2800 residues,
including a catalytically inactive form lackingmost of the kinase
domain (KS-WNK1), which is the predominant form in the
kidney distal convoluted tubule (8–10).
WNK family members, numbering four in human and

mouse, are distinct from other protein kinases in that their cat-
alytic lysine is shifted from its usual position buried in the
N-terminal part of the kinase core to amore exposed position in
the glycine-rich loop (4, 11). The strict conservation of the
unique catalytic core structure of theWNK family in organisms
as diverse as Chlamydomonas, Phycomyces, Arabidopsis, Dro-
sophila, and mammals suggests conserved properties for these
kinases that distinguish them from all other members of the
eukaryotic protein kinase superfamily.
The discovery that WNK1 andWNK4 are genetically linked

to a rare type of hypertension, pseudohypoaldosteronism type 2
(PHA2),5 demonstrated the importance of WNK function in
man (6).Our initial characterization ofWNK1 revealed that the
kinase activity is sensitive to osmotic stress, which gained sig-
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nificance in view of its roles in regulating ion balance (4, 12).
The consequences of WNK mutations in PHA2 are hyperkal-
emia, renal tubular acidosis, and eventually hypertension (7,
13–17). The investigation of the actions ofWNKs, in light of the
therapeutics of PHA2, led to some of the first and most logical
connections to ion transporters and channels, e.g., the sodium
chloride co-transporter (NCC), sodium potassium chloride co-
transporters (NKCCs), the renal outer medullary potassium
channel, and the epithelial sodium channel (18–28). Although
a connection betweenWNKs and ion transport proteins is pre-
dictable, the mechanisms driving regulation of transporters by
WNKs are more complex than expected, involving both multi-
ple layers of activity regulation and effects on localization.
The biochemical analysis of WNK1 action and the identifi-

cation ofWNKs in genome and kinome screens have suggested
mechanisms of WNK action that may be linked to transporter
regulation. For example, WNKs have been found in screens of
proteins important in endocytosis, which has been shown to be
involved in regulation of transporters by WNK1 (29–32).
Somewhat more straightforward,WNK1 regulates several pro-
tein kinases that modulate ion transport, including the serum-
and glucocorticoid-inducible protein kinase, which affects the
epithelial sodium channel, and the kinases oxidative stress-re-
sponsive 1 (OSR1) and STE20/SPS1-related proline-, alanine-
rich kinase (SPAK), that control activities of NKCCs, NCC, and
related members of the solute carrier 12 (SLC12) family of co-
transporters (20, 24, 25, 33, 34).
Here we further analyze the regulation of OSR1 by WNK1

and the otherWNK family members. We show that intracellu-
lar association between WNK1 and OSR1 is required for stim-
ulation of OSR1 andNKCC activities by osmotic stress. Chang-
ing tonicity alters the mobility of WNK1 in cells. Distinct
C-terminal elements ofWNK1 are involved inWNK1 localiza-
tion and in WNK1 binding to OSR1. Expression of some frag-
ments inhibits OSR1 activity and interferes with regulation of
ion co-transporters.

EXPERIMENTAL PROCEDURES

Materials—Plasmids encodingWNKsandNKCC2(SLC12A1)
were asdescribed (4, 35–37).The ratWNK1splice formwith2126
residues (� exons 11–12) and fragments therefrom were used
throughout. Fragments andmutantsweregeneratedby restriction
digestionand ligation,PCR,orQuikChange (Stratagene).Ouabain
(Na�/K� inhibitor) and bumetanide (NKCC1/2 inhibitor) were
fromSigma.Anti-WNK1 (Q256)was as described (4). Anti-OSR1
(U5566) was as described (38). Anti-Myc epitope was from
National Cell Culture Center and anti-FLAG epitope was from
Sigma (058K6113). dsRNA oligonucleotides were from Ambion.
Recombinant proteins used for kinase assays were purified from
Escherichia coli strain BL21 using standard protocols.
Cell Culture and Transfection—HeLa cells were grown in

Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum and 1% glutamine (20, 34). The cells were
transfected with constructs encoding WNK1 fragments using
FuGENE 6 (Promega) (1:3 DNA:FuGENE 6) and used for
immunoprecipitations and coupled kinase assays. The cells
were harvested in 50mMHEPES, pH 7.7, 150mMNaCl, 1.5 mM

MgCl2, 1 mM EGTA, 10% glycerol, 100 mM NaF, 0.2 mM

NaVO4, 50 mM �-glycerophosphate, 0.1% Triton X-100, and
phosphatase and protease inhibitors as described (39).
Immunoprecipitation and Immunoblotting—The proteins

were immunoprecipitated from 1 mg of soluble lysate protein
using 5 �l of indicated antibodies. Following incubation over-
night at 4 °C, a 30-�l slurry of protein A-Sepharose was added
for an additional 2 h at 4 °C. The beads werewashed three times
in lysis buffer, and then proteins were eluted using 5� electro-
phoresis sample buffer. The proteins were resolved by electro-
phoresis in SDS and transferred to nitrocellulose. Immunoblots
were developed using enhanced chemiluminescence or Li-
COR infrared imaging.
Immunofluorescence—To quantify the co-localization of

WNK1 and OSR1, the cells were transfected with a construct
encoding FLAG-OSR1 using Lipofectamine 2000 (Invitrogen).
After 24 h, the cells were washed with PBS once and fixed with
4%paraformaldehyde in 60mMPipes, 25mMHEPES, pH6.9, 10
mM EGTA, and 2 mM MgCl2 at room temperature for 10 min,
followed by two washes with PBS at room temperature for 5
min to remove excess paraformaldehyde. The cells were per-
meabilized with 0.1% Triton X-100 in PBS at 4 °C for 5 min,
washed as above, incubated with 10% normal goat serum at
room temperature for 30 min, and then co-stained with anti-
WNK1antibody (Cell Signaling, 4947) and anti-FLAGantibody
(Sigma cloneM2) at 4 °C overnight. The next day, the cells were
washed as above and incubatedwith secondary antibodies, goat
anti-rabbit Alexa Fluor-594 and goat anti-mouse Alexa Fluor-
488, at room temperature for 1 h. The cells were washed again
as above, and coverslips were mounted with Aqua-poly/Mount
(Polysciences, Inc., 18606).
Fluorescence Microscopy and Image Analysis—Fluorescent

images were acquired and deconvolved using a Deltavision RT
deconvolution microscope (Applied Precision, Issaquah, WA).
Co-localization was quantified using the Coloc module of
Imaris three-dimensional measurement and analysis software
(Andor). For each cell, the boundary of the cell was detected as
an intensity isoline in the green channel (WNK1), and the
Costes method was used to exclude randomly overlapping vox-
els and calculate the Pearson coefficient for the whole cell vol-
ume and for the cytoplasmic volume only (40). To obtain values
for Pearson coefficient specifically in the cytoplasm, a contour
surface enclosing the nucleus was created interactively in
Imaris, and voxels inside the surface were set to 0. n � 8 for
whole cell and for cytoplasm only. For localization of WNK1
fragments in live cells, HeLa cells were transiently transfected
with WNK1 fragments fused to the fluorescent protein
tdTomato (WNK1 td) as described above and imaged 24 h after
transfection.
Fluorescence Recovery after Photobleaching (FRAP)—The

cells were transfected with constructs encoding full-length
GFP-WNK1 and GFP-WNK1 1800–2126 using Lipofectamine
2000 (Invitrogen) (1:3 DNA: Lipofectamine 2000) for 16 h.
FRAP was performed on cells in CO2-independent medium
(Invitrogen) in a temperature controlled chamber set to 37 °C.
Tonicity was increased or hypertonicity was induced by the
addition of 0.2 M sorbitol for 5 min or 0.5 M sorbitol for 30 min;
hypotonic conditionswere generated by placing cells for 20min
in themedium above diluted 4-fold with water or inmedium in
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which chloride was largely replaced with gluconate: 67.5 mM

sodium gluconate, 0.5 mMCaCl2, 0.5 mMMgCl2, 5 mM glucose,
15 mM HEPES, pH 7.4 (modified from Ref. 41). FRAP was car-
ried out using the 488-nm laser line of a Zeiss LSM780 on an
AxioExaminer upright stand with a 20� W/1.0 dipping lens.
The scan was zoomed to 11�, and a 12 � 12 pixel region of
interest was photobleached for two iterations with 100% laser
power. Fluorescence recoveries were recorded at 2% laser
power for a 30-s duration after photobleaching. Time stacks
were analyzed in ImageJ using Image�Stacks�Plot Z-axis Pro-
file to obtain fluorescence intensity changes over time in the
bleached region. The time stamps for the images in the stack
were obtained with the LSM Toolbox plugin. The data were
exported to Excel, and the raw intensity valueswere normalized
to the initial intensity before photobleaching. Single exponen-
tials were fit to the normalized data for each recovery curve
using the “one-phase association” algorithm of GraphPad
Prism. The mean values for plateau and half-time under differ-
ent conditions were compared by unpaired t test with Welch’s
correction.
siRNA—HeLa cells were detached from a dish with trypsin

and immediately transfected with 10 nM dsRNA oligonucleo-
tides using Lipofectamine RNAiMax (Invitrogen). After 72 h,
protein localization was examined as in the preceding section.
Oligonucleotides: hWNK1.1, sense, cagacagugcaguauucacTT;
antisense, gugaauacugcacugucugTT (Ambion). For rescue exper-
iments, full-lengthWNK1was transfected 24 h after oligonucleo-
tide transfection using Lipofectamine 2000 (Invitrogen).
Kinase Assays—WNK protein kinase activity was assayed

with full-length OSR1 K46R. OSR1 activity was assayed with
NKCC2 1–175. GST-tagged enzymes and substrates were
added to reactions in 10 mM HEPES, pH 8.0, 10 mM MgCl2, 1
mM DTT, and 1 mM benzamidine, and 0.5 mM ATP (5000–
13,000 dpm/pmol [�-32P]ATP; MP Biologicals). WNK1 was
used at 20 pmol (0.7 �M) and OSR1 at 40 pmol (1.3 �M) for
kinetic analyses. The reactions were incubated at 30 °C for 10
min, terminated with electrophoresis sample buffer, and ana-
lyzed on SDS-polyacrylamide gels. The gels were dried and
exposed to film for autoradiography. Protein bands were
excised and subjected to scintillation counting. Activation of
OSR1 byWNKwas assayed as above, with the following chang-
es:WNK1amountwas reduced to 5 pmol (0.14�M),OSR1 to 20
pmol (0.57�M), andNKCC280 pmol (2.28�M), and radioactive
ATP was omitted. The reactions were incubated at 30 °C for 30
min and then transferred to ice. After the addition of NKCC2
and [�-32P]ATP, second reactions were incubated at 30 °C for
10 min and analyzed as above. Kinetic constants for WNKs
were determined with assays as above except with 0.3mMATP,
1 pmol ofWNK, OSR1 K46R from 1–64 pmol at room temper-
ature for 45min. The data were analyzed with GraphPad Prism
5 software. For immune complex kinase assays, beads (20 �l)
were incubated with 50 �M ATP, 10 mM MgCl2, and 20 mM

HEPES, pH 7.4, for 30 min at 30 °C. The proteins were resolved
on gels in SDS as above. The gels were dried and exposed to film
for autoradiography. Incorporation of radioactivity was quan-
tified by scintillation counting of the bands excised from the gel.
Reconstitution and Assay of NKCC Activity—Endogenous

WNK1 was knocked down as above. HeLa cells were detached

from plates, and 10 nMWNK1.1 or scrambled oligonucleotides
were introduced with Lipofectamine RNAiMAX inOpti-MEM
(Invitrogen). After 24 h, a construct encoding full-length
WNK1was transfected into the cells using Lipofectamine 2000.
After 24 h, the cells were trypsinized and plated on 24-well
plates. The next day, the cells were washed twice in 140 mM

NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, pH
7.4, 10 mM glucose, 10 mM sodium pyruvate, and 0.1% bovine
serum albumin. After 30 min, 86Rb (107 cpm/ml; PerkinElmer
Life Sciences) and 0.5 mM ouabain were added with or without
10 �M bumetanide. The cells were incubated for 5 min at 37 °C
and then washed twice in cold 100 mM MgCl2, 10 mM HEPES
buffered to pH 7.4 with solid Tris. The cells were lysed in 2%
SDS. Liquid scintillation counting was performed on 0.1 ml of
each lysate, and protein concentration was determined using
the Pierce MicroBCA protein assay kit. 86Rb uptake with and
without bumetanide was measured in triplicate. Bumetanide-
sensitive 86Rb uptake was taken as NKCC activity. To assay
effects of WNK1 fragments on NKCC activity, the fragments
were transfected in HeLa cells using FuGENE 6. After 24 h, the
cells were detached and replated on 24-well plates, and the next
day, 86Rb uptake was measured as above.
Statistical Analysis—Statistical comparison between two

groups was made using the two-tailed unpaired t test. Multiple
comparisons were determined using one-way analysis of vari-
ance followed by Tukey’s multiple comparison tests. p values
less than 0.05 and 0.01 were considered significant for single
and multiple comparisons, respectively.

RESULTS

Co-localization of OSR1 with WNK1—WNK1 co-immuno-
precipitates and co-purifies with OSR1, and we have previously
reported their localization to cytoplasmic puncta by immuno-
fluorescence with antibodies to the two endogenous proteins
(33, 42–45). Here, we examined the extent of co-localization of
the proteins in the absence of osmotic stress (Fig. 1). To avoid
using two rabbit antibodies, we expressed a tagged form of
OSR1 for which a mouse antibody was available so that we
could eliminate possible secondary antibody cross reactivity in
the quantitation. As we showed previously, both WNK1 and
OSR1 are distributed in a particulate pattern in the cytoplasm
(Fig. 1A); OSR1, but not WNK1, is also found in the nucleus
(45). For comparison, one panel shows staining of endogenous
OSR1 (Fig. 1B).
Co-localization data were analyzed quantitatively using a

three-dimensional statistical algorithm rather than the typical
two-dimensional color merge. The Imaris software CoLoc
function uses the Costes method to distinguish true co-local-
ization from random overlap (40). The quantitative assessment
of co-localization comes from the Pearson correlation coeffi-
cient, r. The range of r is from �1 to 1. If two images co-lo-
calize from random overlap, r will be near 0. If two images
co-localize in a nonrandom fashion, r will be a positive num-
ber, approaching 1 for perfect co-localization. The mean
correlation coefficient forWNK1 andOSR1 in the cytoplasm
was 0.54 for eight images analyzed, indicating a substantial
degree of co-localization. As shown by the map of co-local-
ized voxels (Fig. 1A, Co-loc, yellow puncta), WNK1 co-local-
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ized with much of the OSR1 that was present in the cyto-
plasm. If the nucleus is included, the Pearson coefficient is
little changed (0.53).
Imaris also calculates an estimate of the percentage of

each protein co-localized by multiplying the number of vox-
els by the intensity of each voxel, making the assumption that
intensity is proportional to protein concentration. Using
data for the whole cell, the co-localized fraction is predicted
to be 62% ofWNK1 and 66% of OSR1; for cytoplasm only, the
value for WNK1 is 67% and for OSR1 70%. In addition to the

fact that WNK1 activates OSR1, their co-localization sug-
gests that the actions of each may be influenced by the pres-
ence of the other.
Localization of WNK1 Fragments—We examined the local-

izations of a series ofWNK1 fragments in an effort to identify a
region ofWNK1 that is responsible for its punctate distribution
(Fig. 1C). Placing a fluorescent tag at the N terminus of any
WNK1 construct that we have tested other than residues
1800–2126, including the full-length protein, results in a dif-
fuse signal in resting cells. WNK1 fragments that included the

FIGURE 1. WNK1 localization. A, cells were transiently transfected with a construct encoding OSR1-FLAG. After 24 h, the cells were co-stained with antibodies
to endogenous WNK1 (red) and to FLAG (green) for immunofluorescent co-localization (Co-loc) analysis by Imaris software Co-Loc module. Co-localized objects
are shown in yellow. Scale bar, 5 �m. B, endogenous OSR1 in HeLa cells was immunostained (green), and some of the OSR1 signals were distributed in the
nucleus (DAPI staining in blue). Scale bar, 5 �m. C, HeLa cells were transiently transfected for 24 h with constructs encoding different WNK1 fragments fused to
tdTomato. Fluorescent signals were examined in live cells (red). Scale bar, 5 �m. D, cells transfected as in C except with GFP-1800 –2126. The cells were
immunostained with antibodies to endogenous WNK1 (red). The co-localization channel (yellow) was generated as described in Fig. 1A. White arrowheads point
to examples of co-localized objects. Scale bar, 5 um.
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C-terminal coiled coil and that were expressed with C-terminal
fluorescent tags mimicked the punctate distribution of the
endogenous protein. As indicated above, WNK1 fragments
containing the C-terminal coiled-coil (residues 1300–2126,
1200–2126, and 1800–2126) showed a perinuclear punctate
localization. The fragments lacking this C-terminal coiled-coil
(residues 1–660, 193–1600, and 1300–1600) appeared diffuse.
Endogenous WNK1 was similarly distributed in a perinuclear
punctate pattern.We compared the localization of GFP-1800–
2126 directly with endogenousWNK1. Using an antibody to an
N-terminal sequence of WNK1, we were able to distinguish
endogenous WNK1 signals (Fig. 1D, red) and exogenously
expressedGFP-1800–2126 (Fig. 1D, green). The co-localization
(yellow puncta) was determined by the method mentioned
above. Thus, we tested GFP-WNK1 1800–2126 as a mimic of
endogenous WNK1 for the following live cell imaging
experiments.
Effect of Hyperosmotic Stress onGFP-WNK1 andGFP-WNK1

1800–2126—WNK1 is activated by both hypertonic and hypo-
tonic conditions (4, 12, 25, 33). Thus, we examined effects of
both conditions on WNK1 localization. In contrast to endoge-
nous WNK1, which appears in a punctate pattern under iso-
tonic conditions, full-length GFP-WNK1 was mostly diffuse in
the cytoplasm with a few indistinct puncta as reported previ-
ously (43, 45). After photobleaching, the diffusematerial recov-
ered to 87%of the initial valuewith ameanhalf-time of less than
0.5 s, indicating that the protein was highlymobile (Table 1 and
Fig. 2D). In cultures equilibrated with 0.2 M sorbitol for 5 min,
the localization of the full-length protein was primarily punc-
tate. The recovery of fluorescence after photobleaching of indi-
vidual puncta was less complete (69%) and more than 10-fold
slower than in isotonic conditions (half-time � 5.3 s). Visual
inspection of the time sequences showed that recovery of fluo-
rescence involved exchange of WNK1 onto persistent struc-
tures rather than formation of new puncta (Fig. 2, A–C).
Unlike the full-length GFP-tagged protein, GFP-WNK1

1800–2126, containing the conserved coiled coil and the bal-
ance of the C terminus, was primarily punctate, even under
isotonic conditions, consistent with the appearance of the
endogenous protein (Fig. 1,A,C, andD). Thus, we also analyzed
its behavior. After photobleaching, these puncta recover to 76%
of the initial value with a mean half-time of 2 s, significantly

slower than full-lengthGFP-WNK1 (Table 1 and Fig. 2D). After
equilibration in 0.2 M sorbitol, the mobility of GFP-WNK1
1800–2126 was further reduced and was not significantly dif-
ferent from the full-length protein under the same conditions
(65% recovery, mean half-time � 4.2 s). When equilibrated in
0.5 M sorbitol, GFP-WNK1 1800–2126 was essentially immo-
bile on the timescale of the experiment. By comparison, GFP
alone remainedmobile in 0.5 M sorbitol, recovering to 81%of its

TABLE 1
Summary of FRAP data
The data records showing change in fluorescence intensity over time (in seconds, s) after photobleachingwere fit to a single exponential to obtain the projected plateau value
and the half-time of recovery. Mean plateau and half-time (� S.E.) for multiple data records are reported for each condition. The values of plateau and half-time for
individual data records were used for unpaired t tests withWelch’s correction to determine whether the mean values for the various conditions were significantly different.
ND, not determined.

Construct Condition Plateau

Plateau different
from untreated?

(p < 0.05)

Plateau different
from 0.2 M sorbitol?

(p < 0.05) Half-time n

Haltime different
from untreated?

(p < 0.05)

Haltime different
from 0.2 M sorbitol?

(p < 0.05)

s s
GFP-1800–2126 Untreated 0.76 � 0.024 2.0 � 0.31 15

0.2 M sorbitol 0.65 � 0.027 Yes (p � 0.0056) 4.2 � 0.57 16 Yes (p � 0.0001)
0.5 M sorbitol Immobile Yes Yes 5 Yes Yes
Gluconate 0.75 � 0.024 No No 2.0 � 0.33 10 No No
Dilution 0.64 � 0.02 Yes (p � 0.002) No 4.6 � 1.0 5 No No

GFP-WNK1-FL Untreated diffuse 0.87 � 0.022 0.4 � 0.09 3
0.2 M sorbitol 0.69 � 0.047 Yes (p � 0.0051) 5.3 � 0.63 11 Yes (p � 0.0001)
Gluconate 0.65 � 0.035 Yes (p � 0.0002) No 4.4 � 1.1 11 Yes (p � 0.0048) No
Dilution 0.51 � 0.048 Yes (p � 0.001) Yes (p � 0.022) 4.4 � 0.58 5 Yes (p � 0.0024) No

GFP Untreated 100% 3
0.5 M sorbitol 0.82 � 0.046 ND 4.1 � 0.89 7 Yes ND

FIGURE 2. Analysis of WNK1 localization and mobility by FRAP. WNK1
reversibly associates with the surface of persistent punctate structures. A–C,
three frames from a FRAP experiment on a cell expressing GFP-WNK1 and
equilibrated with 0.2 M sorbitol. A box indicates bleached region. A, immedi-
ately before bleaching. B, immediately after bleaching for 70 ms. C, 38 s after
photobleaching. D, representative FRAP curves for GFP-WNK1 and GFP-
WNK1 1800 –2126. Full-length GFP-WNK1 (FL) expressed in cells under iso-
tonic conditions recovers rapidly to more than 80% of the prebleach value
(black). Both 0.2 M sorbitol (sorb, red) and gluconate (purple) substantially
reduce the percentage of recovery and also reduce the half-time of the recov-
ery by 	10-fold. In contrast, the recovery kinetics of GFP-WNK1 1800 –2126
(Cterm) are similar to WNK1 in 0.2 M sorbitol, even in isotonic conditions (green
and blue). The lines represent nonlinear least squares fit of a single exponen-
tial to the data. E, immune complex kinase assay of WNK1 using OSR1 K46R
from cells exposed to the two different hypo-osmotic conditions. Fold activity
is relative to that in untreated cells. Untr, untreated; hypo, hypo-osmotic;
Cterm, C-terminal.
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initial value, although the mean half-time for recovery (4.1 s)
was substantially longer than in isotonic conditions where the
recovery was too fast to measure (Table 1). The immobility of
GFP-WNK1 1800–2126 relative to GFP alone under these
highly hypertonic conditions is apparently not due solely to the
reduced water content of the cell.
Effect of Hypo-osmotic Stress onGFP-WNK1andGFP-WNK1

1800–2126—Equilibration with either hypotonic medium
induced full-length GFP-WNK1 to become punctate. The fluo-
rescence recovery of the protein on these puncta (65% recovery
with a mean half-time � 4.4 s) was very similar to that in the
presence of 0.2 M sorbitol (Table 1 and Fig. 2D). GFP-WNK1
1800–2126 was variably affected by hypotonic medium. In
gluconate-containing medium, the fluorescence recovery of
puncta (75% recovery with mean half-time � 2 s) was nearly
identical with that under isotonic conditions (Table 1). On the
other hand, medium made hypotonic by dilution reduced the
mobility of GFP-WNK1 1800–2126 to values (64% recovery
and mean half-time � 4.6 s) very similar to those in 0.2 M sor-
bitol. Because two different hypotonic media were tested, we
compared the activity of endogenous WNK1 under the two
conditions (Fig. 2E). In both casesWNK1 activity was increased
a little more than 2-fold.
Effects ofWNK1FragmentsContaining RFXVMotifs onOSR1

Binding and Activity—In addition to its core kinase domain,
OSR1 contains two regions conserved in SPAKandorthologues
called PF1 and PF2 domains (named for a common domain in
PASK (alternate name for SPAK) and Fray (Drosophila pro-
tein)). PF1 is essential for the kinase domain fold. The PF2
domain binds specifically to RFXVmotifs inWNKs, transport-
ers, and other proteins (42, 44, 46–48). Depending on splice
form, WNK1 contains as many as six RFXV motifs (Fig. 3A).
One of these motifs was previously shown to interact strongly
with cellular OSR1 and to be useful for affinity purification (44,
49). We tested the potential impact of four of the other motifs
on binding and activation of OSR1.
One of the RFXV motifs is in the WNK1 kinase domain and

was previously identified as a region of charge difference on the
substrate binding surfaces of WNK1 andWNK4, in that valine
inWNK1 is replaced by glutamate inWNK4 (50). Because this
region affected phosphorylation of the substrate synaptotag-
min 2 byWNK1, we considered the possibility that recognition
of OSR1 might be affected by this motif. We assayed the ability
of the kinase domain of WNK1 V318E to phosphorylate and
activateOSR1 in vitro. A slight increase in autophosphorylation
was observed with V318E WNK1 compared with control.
Altering this motif does not alter OSR1 phosphorylation or
activation under these conditions (Fig. 3B).
Three RFXVmotifs are clustered within a stretch of just over

100 residues near theWNK1 C terminus. We originally identi-
fied a fragment of WNK1 containing these clustered motifs as
an OSR1 binding partner (42). To determine whether we could
use fragments of WNK1 to block interaction of OSR1 with
endogenous WNK1, we expressed fragments of different
lengths with and without the three RFXV motifs in cells. We
first tested the relative ability of these fragments to co-immu-
noprecipitate with OSR1 compared with endogenous WNK1.
WNK1 1570–2126 co-precipitated with OSR1 and displaced

the majority of the endogenous WNK1 from the OSR1 immu-
noprecipitates, as assessed by immunoblotting (Fig. 4,A andB).
This fragment contains the three C-terminal RFXV motifs, a
coiled coil, and the rest of the C terminus (Fig. 3A). Longer
fragments also bound OSR1, but not as well as residues 1570–
2126 (Fig. 4A). The fragments retaining the RFXV motifs but
lacking either the C-terminal region, WNK1 1570–1820, or
both the coiled coil and the most C-terminal region, WNK1
1570–1758, boundOSR1much less well (10–30%). No binding
of OSR1 to the WNK1 C-terminal residues 1804–2126 was
detected (Fig. 4B). The largerWNK1 fragmentswere phosphor-
ylated in the OSR1 kinase reactions (Fig. 4A), andWNK1 frag-
ments containing residues 1301–1600 and 1601–1850 were
both phosphorylated by recombinantOSR1 in vitro, supporting
the idea that, once activated, OSR1 phosphorylates WNK1.
Because some endogenousWNK1 was present in the precip-
itates, it is also possible that some of the phosphorylation of
the WNK1 fragments is catalyzed by WNK1 itself. A band
corresponding to endogenous WNK1 was also phosphory-

FIGURE 3. RFXV motif in the kinase domain of WNK1 is dispensable for its
action. A, schematic showing the domain arrangement of the rat isoform of
WNK1 showing the position of the RFXV motifs (filled diamonds). B, recombi-
nant wild type (in duplicate) or V318E mutant (in triplicate) kinase domain of
WNK1 was used in a coupled kinase assay toward OSR1 and its substrate
NKCC2 1–175. Autoradiograms (upper panel) and Coomassie-stained gels
(lower panel) are shown. Incorporated radioactivity was quantified using liq-
uid scintillation counting and is plotted on the graph.
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lated roughly in proportion to its amount present in the
OSR1 immunoprecipitates.
We examined functional consequences of inhibitingWNK1-

OSR1 binding using the fragment WNK1 1570–2126, which
was most effective in blocking their association. Of the frag-
ments tested, this one also inhibited OSR1 activation most
effectively (Fig. 5A). The other C-terminal WNK1 fragments
had less significant effects on OSR1 phosphorylation and
activation.
To determine whether the inhibitory effect of WNK1 frag-

ments containing the RFXV motifs extended to the physiolog-
ical response of ion uptake byNKCCs, we assayed the activity of
the ubiquitous NKCC, NKCC1, in HeLa cells using uptake of
radiolabeled 86Rb. Expression of WNK1 1570–2126 caused a
significant reduction in rubidium uptake comparedwith vector
alone under iso-osmotic conditions or in the presence of sorbi-
tol. Results with shorter fragments, WNK1 1570–1758 or
1804–2126, were more variable (Fig. 5B). These results suggest
thatWNK1 1570–2126 can be used as an inhibitor to sequester
OSR1 from endogenous WNK1, thereby preventing OSR1
phosphorylation and activation.
Depletion of endogenousWNK1with siRNA caused a signif-

icant reduction in NKCC activity, confirming our earlier result
that WNK1 is required to regulate NKCC in HeLa cells (42).
WNK1 knockdown has provided important information about
function, but rescue by re-expression for structure/function
analysis has proven difficult except in single cell assays. This
may be due in part to the fact thatWNK1overexpression causes
membrane phenotypes. Thus, it is necessary to achieve uniform
expression near the endogenous expression level and that is
difficult. We attempted to demonstrate rescue of NKCC activ-
ity by expression of wild type rat WNK1 after knockdown of
endogenous WNK1 in HeLa cells. In some individual experi-
ments ratWNK1 did appear to rescueNKCC activity; however,
the results of a dozen experiments did not demonstrate a sta-
tistically significant increase in transport compared with the
knockdown (Fig. 5C). In lieu of a rescue assay, we expressed
kinase-dead WNK1 to determine whether a long form of the
protein lacking kinase activity could compete with the endoge-
nous protein. Modest, but statistically significant, inhibition
was observed (p � 0.08), consistent with our earlier findings
showing that WNK1 catalytic activity is required to stimulate
OSR1 (42).
OSR1 Can Be Activated by All Four WNKs—A number of

factors have contributed to controversies surrounding the
assessment of physiological functions of WNKs and the rela-
tionship to their biochemical properties. There are conflicting

FIGURE 4. WNK1 binds to OSR1 via its C terminus. A, HeLa cells were either
untransfected or transfected with FLAG-tagged WNK1 C-terminal fragments.
Endogenous OSR1 was immunoprecipitated (IP) from cell lysates, and co-
immunoprecipitating WNK1 and FLAG-tagged fragments were monitored

using immunoblotting (IB). An in vitro kinase assay was performed using the
immunoprecipitates, and the autoradiogram is shown. The bottom panel
shows the Coomassie Blue stain of the kinase assay gel in gray scale. B, HeLa
cells were transfected with the indicated FLAG-tagged WNK1 fragments.
OSR1 was immunoprecipitated from these cells, and the fragments co-immu-
noprecipitating with OSR1 were detected using immunoblotting for FLAG.
The expression of the fragments was detected by immunoblotting the
lysates. The data shown are averaged from five experiments analyzed using
LiCOR imaging. Because the expression of the fragments was not equal, the
intensity of the FLAG band in the immunoprecipitates was normalized to the
intensity of the FLAG band in the lysates (corresponding to level of expres-
sion) with the value for 1804 –2126 arbitrarily set to 1.
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findings on control of NCC activity by WNKs 1 and 4 in the
kidney (51–53). Their actions are confounded by the expres-
sion of more than one isoform of both WNK1 and SPAK; in
each case, in addition to one or more catalytically active forms,
there is an unusual splice form lacking catalytic activity but
retaining most other conserved elements (54). In addition,
there remains a poor understanding of the defects conferred by
theWNK1 andWNK4mutations associatedwith PHA2 hyper-
tension. To accumulate biochemical information to assist in
resolving these questions, we wished to determine the ability of
theWNKkinase domains to activateOSR1 in vitro to define the
relative activities of the WNKs toward this substrate. The
results should be of use in determiningmechanistic differences
in the actions of the full-length proteins in tissues.
We analyzed kinetics of OSR1 activation by the catalytic

domains all four WNKs. We showed previously that mutation
of the essential phosphorylation site, Thr-185 to aspartate
alone or together with other acidic substitutions in activation
loop residues induces up to 	20-fold increase in OSR1 activity
relative to wild type protein. Phosphorylation of OSR1 by
WNK1 induces more than a 100-fold increase in OSR1 activity
(Fig. 6, A and B), consistent with earlier reports (25, 33, 42). All
four WNK family members phosphorylated OSR1 leading to
similarly increased activity toward NKCC.We assessed kinetic
constants for the four WNK family members and found Km
values in the range of 1–4 micromolar for WNKs 1, 3, and 4
(Fig. 6C). The values of kcat ranged from 0.63 to 1.2 min�1. The
data withWNK2were not of sufficient quality to obtain reliable
constants but seem to fall in the same range.

DISCUSSION

Several different experimental strategies initially revealed
thatWNK1 and its substrate kinaseOSR1were tightly interact-
ing partners (24, 33, 42–44). Here we find that in interphase
cells,WNK1 andOSR1 display a significant co-localization val-
idated by immunofluorescence with a Pearson coefficient
above 0.5. Both proteins appear in a punctate pattern in multi-
ple cell types, HeLa, HT29, MCF-7, even in the absence of
osmotic stress. A recent study in kidney in which SPAK was
knocked out showed that the typical apical localization of these
proteins in distal tubule was replaced by a punctate distribution
very similar to what is observed here (55). From our immuno-
fluorescence studies, we concluded that overexpression of
GFP-tagged WNK1 does not consistently reflect the endoge-
nous localization, and by comparison with the study noted
above, it seems likely that in highly specialized tissues WNK1,
OSR1 and other tight binding partners will display localizations
unique to their tissue-specific functions.
We are using information on their localizations as a starting

point for defining which WNK1 functions might be mediated

FIGURE 5. WNK1 C-terminal fragments affect OSR1 and NKCC activity and
the kinase activity of WNK1 is required for NKCC activity. A, FLAG-tagged
WNK1 C-terminal fragments were expressed in HeLa cells. The cells were
unstimulated or treated with sorbitol, and endogenous OSR1 was immuno-
precipitated. Activation of OSR1 under basal (white bars) and sorbitol-stimu-
lated (black bars) cells was measured using in vitro kinase assays. Activity aver-
aged from two separate experiments was plotted relative to that in vector
transfected control cells. Comparing activity in the presence of WNK1 1570 –
2126 to vector control. ***, p � 0.05. B, activity of endogenous NKCC1 was
measured using uptake of radiolabeled 86Rb in HeLa cells expressing FLAG-
tagged WNK1 fragments. Uptake was averaged from three separate experi-
ments each carried out in triplicate relative to activity in cells transfected with
vector control. Uptake in the presence of WNK1 1570 –2126 was compared
with vector control. ***, p � 0.05. C, endogenous WNK1 was depleted in HeLa
cells using siRNA (siW1, three bars on the right). A scrambled siRNA (siC, three

bars on the left) was used as control. The cells were transfected with empty
vector (V) or vectors encoding full-length wild type WNK1 (W1) or kinase dead
WNK1 (KD). The activity of endogenous NKCC1 was assayed using uptake of
radiolabeled 86Rb. An average of three separate experiments with kinase-
dead (KD) and five separate experiments with wild type WNK1 (W1) plotted
after normalizing to the scrambled siRNA with empty vector (siC�V). We
tested whether kinase-dead WNK1 interferes with endogenous activity and
compared siC�KD to siC�V; *, p � 0.08. We tested whether WNK1 is required
for NKCC activity and compared siWNK1�V to siC�V; ***, p � 7.4473E-10s.
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through OSR1 and which ones are independent of OSR1. For
example, we recently showed thatWNK1 is required for proper
function of the mitotic spindle (50). This property of the pro-
tein does not require its binding partner,OSR1, andOSR1 is not
co-localized with WNK1 during mitosis.
Association of OSR1/SPAK with WNK1 has been assumed

to be due to themultiple RFXVmotifs present in its C terminus.
BecauseWNK family members and splice variants contain dif-
ferent numbers of these motifs, OSR1/SPAK interactions will
likely be strongly influenced by number and organization of
RFXV sequences. One of the RFXV motifs that appears unim-
portant forOSR1 interaction is located on the protein substrate
binding surface in the WNK catalytic domain. Val-318, within
this RFXV motif, is important for its interaction with the sub-
strate synaptotagmin 2 (50) and perhaps other substrates as
well. Also of note, the similar motif RVXF has been shown to
confer binding of a variety of proteins to phosphoprotein phos-
phatase 1 (56).
In contrast, the clustered RFXV motifs nearer the WNK1 C

terminus can displace endogenous WNK1 from immunopre-
cipitated OSR1, confirming their importance in forming a sta-
ble WNK1-OSR1 complex. The inclusion of the C-terminal

coiled-coil increased the effectiveness of inhibition by the
RFXV-containing segment, suggesting that the encoded local-
ization information enhanced inhibition by increasing its con-
centration in the vicinity of the WNK1-OSR1 complex. The
idea that RFXV fragments may be useful complements to
siRNA strategies to dissociate WNK1 and OSR1 to explore
their regulation and functions is supported by the capacity of a
portion of WNK1 containing three clustered RFXV motifs to
inhibit NKCC activity. Our results suggest that additional fac-
torsmay be involved, because all fragments containing the clus-
tered motifs are not equally effective in blocking interaction of
OSR1 with endogenous WNK1. Further use of this approach
should help to reveal roles of WNK-OSR1/SPAK signaling
complexes in physiologic processes in addition to ion homeo-
stasis. The diversity in number and sequence context of RFXV
motifs among the differentWNK familymembers also suggests
awealth of potentialmechanisms for their regulation, including
competition among motifs on different WNKs and sequester-
ing or revealing motifs by post-translational modification as a
feedback mechanism or through inputs from distinct signaling
events. One such mechanism, whereby phosphorylation pro-
motes dissociation, has already been identified (44). Several

FIGURE 6. All four WNKs have similar action on OSR1. A, autoradiograms showing phosphorylation of OSR1 by recombinant kinase domain proteins of all
four WNKs in the presence of �-32P-labeled ATP (top panel) and autophosphorylation of recombinant kinase domain proteins of all four WNKs (bottom panel).
Coomassie staining showing equal loading of proteins is shown (top panel). Quantification of phosphorylation of OSR1 by all four WNKs is shown as a bar graph
(bottom panel). B, autoradiograms showing activation of OSR1 as seen by phosphorylation of its substrate NKCC2 in the presence of recombinant kinase
domains of all four WNKs (top panel) and phosphorylation of OSR1 by all four WNKs (bottom panel). Coomassie staining showing equal loading is shown (top
panel). Quantification of NKCC2 phosphorylation (open bars) and OSR1 phosphorylation (closed bars) is shown (bottom panel). C, Michaelis-Menten curves
showing the kinetics of phosphorylation of OSR1 by WNKs 1, 3, and 4. The substrate concentration at half-maximal velocity (Km) is calculated for each kinase and
is shown on the graph.
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years ago, Delpire and Gagnon (47) found evidence that OSR1
and SPAK PF2 domains could interact with many proteins that
contain RFXVmotifs. It is well established that RFXVmotifs in
NKCCs bindOSR1 and SPAK, raising the question of how sub-
strate and regulator interactions are juggled by these kinases. A
detailed accounting of events that control OSR1/SPAK binding
to relevant RFXV motifs will almost certainly be required to
understand their physiological regulation fully.
Localization of endogenous WNK1 is mimicked by WNK1

GFP-1800–2126. Because endogenousWNK1 is distributed in
a perinuclear punctate pattern (45) and can form dimers or
oligomers (12, 49, 57), it seems possible that the C-terminal
fragment might interact with endogenous WNK1 through the
coiled-coil domain. The behavior of WNK1 1800–2126 upon
exposure to changes in tonicity also most closely parallels
behavior of the endogenous protein. This C-terminal region
contains a coiled coil and an additional short segment con-
served among WNK family members. Although the WNK1-
associated structures have not yet been identified, apparently
this region contains the information necessary to direct the
fragment to its punctate location.
WNK1 associates with the outside of punctate structures in

cells. Recovery of fluorescence following photobleaching
appears to involve exchange of WNK1 molecules on existing
puncta rather than the formation of new puncta. Co-localiza-
tion experiments have not provided a definitive identification
of these structures; nevertheless, they appear to be vesicles,
because in hypotonicmedium, conditions thatmight cause ves-
icles to swell, lumens were visible in some of the structures. As
suggested by Alessi and co-workers (43), hypertonicity induces
tighter binding ofWNK1 to these punctate structures, reducing
itsmobility. Perhaps a surprise, we find that reducedmobility is
also observed with hypotonicity. In both cases, the reduction in
mobility appears to be larger thanwould be expected because of
tonicity-induced changes in diffusion, based in part on the
comparison with GFP alone. Both increased and decreased
tonicity enhance WNK1 activity. However, new methods will
be required to determine whether there is a functional relation-
ship between the apparent mobility of WNK1 in cells and its
catalytic activity.
What data are available to draw conclusions about the bio-

logical activity ofWNK1 in the kidney and elsewhere? The con-
clusion that NCC is regulated positively by OSR1 and SPAK is
accepted based in part on the utility of NCC inhibitors in dis-
ease therapy (7, 13–16). IncreasedWNK1 expression is thought
to be responsible forWNK1-dependent PHA2; however, insuf-
ficient information has yet been collected about which, how
many, and whereWNK1 splice forms are overexpressed in this
disease. A strong contribution in this direction comes from a
recent study on splice form expression, which revealed very
large differences, in the range of 100-fold, in KS-WNK1 expres-
sion across different segments of the mouse nephron (10). The
magnitude of changes in KS-WNK1 expression underscores
the difficulty in determining which form or forms of WNK1
dominate, even in different regions of the kidney. From more
defined, but less physiologically based cell culture studies, it is
evident that manipulation of the amounts of WNK proteins
expressedwill alter the biological outcomes. This problem con-

founds animal studies in which the relative expression ofWNK
familymembers is disturbed. The presence of isoforms not only
ofWNK1 but also of SPAK that lack catalytic activity yet appar-
ently retain the capacity to bind their target proteins (58, 59)
also challenges data interpretation. We showed previously that
autoinhibitory domains of one WNK have the potential to
inhibit other family members and thatWNKs are likely to exist
in complexes probably as tetramers (12). Those results sug-
gested that KS-WNK1 might not only compete for binding to
OSR1/SPAKbut also directly inhibit the catalytic activity of any
wild type WNK splice forms. The discovery of a WNK1-KS-
WNK1 complex supports this idea (58). Diverse observations
have been reported on actions of WNKs on NCC and NKCC
activities in tissue and reconstituted systems (51, 60, 61). Bring-
ing clarity to this problem will require further analysis on mul-
tiple levels.
To define the potential contribution of catalytic differences

among the fourWNKs for OSR1, we analyzed the capacities of
the isolated kinase domains of theWNKs to activate OSR1.We
conclude that functional differences that have been observed
do not seem to arise from differential OSR1 recognition by
WNK kinase domains. This result is consistent with a study
showing that all knownWNK3 splice forms have similar effects
on SLC12 family members in a reconstituted system (62). If in
tissue settingsWNKvariants are shown to have different effects
on NCC and related co-transporters, the explanation will lie
not in inherent catalytic capacity but in the ratios of active and
inactive forms, localization and mobility differences, relative
expression of the independent noncatalytic activator Mo25,
perhaps, or other competing processes (63, 64). Findings here,
together with earlier literature, allow us to conclude that all
WNKs containing complete kinase domains can activate OSR1
and will do so given appropriate spatial setting and absence of
inhibitory constraint.
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