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ABSTRACT
The WNK kinases are a recently discovered family of serine-threonine kinases that have been shown to play an

essential role in the regulation of electrolyte homeostasis. Intronic deletions in the WNK1 gene result in its overexpression
and lead to pseudohypoaldosteronism type II, a disease with salt-sensitive hypertension and hyperkalemia. This review
focuses on the recent evidence elucidating the structure of the kinase domain of WNK1 and functions of these kinases in
normal and disease physiology. Their functions have implications for understanding the biochemical mechanism that
could lead to the retention or insertion of proteins in the plasma membrane. The WNK kinases may be able to influence
ion homeostasis through its effects on synaptotagmin function.
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INTRODUCTION
WNKs (with no lysine [K]) are a protein kinase sub-

family with a unique placement of the lysine that is in-
volved in binding ATP and catalyzing phosphoryl trans-
fer [1]. WNKs occur in multicellular organisms, but WNK
homologs are not present in unicellular organisms such
as S. cerevisiae [1-6]. Several functions of WNKs have
now been identified, but additional clues may come from
Arabidopsis thaliana which has the largest number of
WNK family members known, more than twice the number
in human. Interestingly, some of these WNKs are impli-
cated in controlling circadian rhythms [3, 4].

Two WNK family members have been associated with
a rare form of monogenic hypertension known as
pseudohypoaldosteronism type II (PHA II) [6]. Lifton and
colleagues made this determination by positional cloning,
defining mutations in genes encoding WNK1 and WNK4
in affected members of families with a high incidence of
PHA II. While the mutations in WNK4 are in the coding
sequence causing point mutations, the mutations in WNK1
occur due to large deletions in the first intron, with no
changes in coding sequence. The consequence of the

intronic mutations is believed to be an increase of up to
five-fold in WNK1 expression. Disruption of the WNK1
gene in mice leads to embryonic lethality before embry-
onic day 13 [7]. Heterozygotes survive but display reduced
blood pressure, consistent with the role of WNK1 in regu-
lation of blood pressure in human. Because we originally
isolated a cDNA encoding WNK1, we have concentrated
on characterizing its properties and identifying WNK1-de-
pendent mechanisms that could lead to hypertension.

STRUCTURAL ANALYSIS OF WNK1
When we originally examined the rat WNK1 sequence,

we found that it contained a kinase domain near its N-ter-
minus and a long C-terminus with predicted coiled coils,
but no other identifiable domains (Fig. 1A) [1]. In addition
to its large size, ~230 kD, its most surprising feature was
the absence of the lysine normally present in β strand 3,
subdomain II, of the protein kinases, that was thought to be
invariant in the family. Through a structure/function analysis
we found the position of the catalytic lysine in β strand 2, a
part of the glycine loop. A comparison of all of the WNK
sequences shows conservation of the lysine in that position.
Crystal structure analysis supports the conclusion that the
catalytic lysine is derived from β strand 2 not β strand 3,
the position in all other protein kinases (Fig. 1B) [8].
Analysis of the protein kinase activities of a series of
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WNK1 truncation mutants also revealed the presence
of  an autoinhibi tory doma in and an obl igate
autophosphorylation site in the activation loop [9].

WNK1 IS UBIQUITOUS
We used immunoblotting to determine the pattern of

WNK1 expression and found that it is ubiquitously ex-
pressed in tissues and cell lines. For example, it is readily
detected in cell lines derived from a variety of tissues (Fig.
2A). Its amount per unit protein in distal convoluted tubule
cells (DCT) was among the lowest we found. This is prob-
ably due to the fact that WNK1 has multiple splice forms;
and kidney primarily expresses a form that lacks 384 resi-
dues from its N-terminus, yielding a smaller, noncatalytic
protein that would not have been detected with our
antibodies. Among a range of agents tested, NaCl and other
osmotic stresses are the most clear cut WNK1 activators
(Fig. 2B). A number of hormones and other types of stress,
such as heat shock, have little effect on WNK1 catalytic
activity.

WNK1 HAS MAP4K ACTIVITY IN THE ERK5
PATHWAYS

 Because WNK1 is a distant relative of Ste20p, an
enzyme upstream in the MAP kinase (MAPK) cascade in
the yeast mating pathway, we examined the potential role
of WNK1 in activating MAPK cascades in mammalian
cells. MAPK cascades are pleiotropic regulatory pathways
that assist in the control and coordination of numerous
cellular processes including the cell cycle, transcription,
apoptosis and proliferation [10, 11]. MAPK cascades con-
sist of a MAPK activated by a MAPK kinase (MAP2K or
MEK) which must also be activated by an upstream
MAPK kinase kinase (MAP3K) (Fig. 3A). MAP3Ks are
often also regulated by MAP4Ks as well as by association
with scaffolds or adapters.

We found that WNK1 had no detectable capacity to ac-
tivate either the ERK1/2 or the JNK MAPK pathways, and
only a weak, marginal effect on p38 MAPK. However, we
found that overexpressed WNK1 clearly activated ERK5
(Fig. 3B). In contrast to most members of the MAPK
family, ERK5 has a long C-terminal tail which has been
suggested to have a variety of functions [12]. The kinase
domain of ERK5 is most similar to ERK2. ERK5 is acti-
vated by growth factors such as epidermal growth factor
(EGF), as well as by osmotic and other types of stress in-
cluding sorbitol, H2O2, and UV irradiation [13, 14]. The
ERK5 MAPK pathway contains the MAP2K MEK5, and
the MAP3Ks MEKK2 and MEKK3 as the upstream acti-
vators of ERK5 [15, 16]. Like other MAPKs, ERK5 has
several transcription factor substrates including the MEF2
family members, MEF2A, C and D, and the ETS-like
transcription factor SAP1a [17, 18]. ERK5 has been im-
plicated in neuronal survival and cell proliferation [18, 19].

MEKK2 and MEKK3 are closely related MAP3Ks that
have been shown to regulate the p38, JNK, and the ERK5
MAPK cascades. As with other MAP3Ks, both bind to
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Fig. 1  WNK1 has a unique structure. (A) Schematic of WNK1
structure. (B) Crystal structure of the catalytic domain of WNK1
with serine 382 mutated to alanine and lysine 233 indicated.
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Fig. 2  WNK1 is ubiquitously expressed. (A) Immunoblot of pro-
tein from soluble lysates of the indicated cell lines. (B) Activation of
WNK1 from COS cells by extracellular agents.
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MAP2Ks directly, including MEK5 [15, 20]. We found
that inactive mutants of MEKK2 or MEKK3, but not
MEKK1 blocked ERK5 activation by WNK1 (Fig. 3C)
[21], consistent with the cascade shown in Fig. 3A in which
MEKK2 and MEKK3 are the MAP3Ks. Confirming the
suggestion from these experiments, we also showed that
WNK1 binds to, phosphorylates, and activates MEKK3.
In vitro experiments showed that phosphorylation by
WNK1 does not directly activate MEKK2 or MEKK3.
Thus, the importance of phosphorylation of MEKK2 and
MEKK3 by WNK1 remains uncertain. A number of pro-
teins that function as MAP4Ks, in that they activate
MAP3Ks, do not activate by phosphorylation. Several have
been suggested to activate through protein-protein inter-
actions, by directly inducing conformational changes, in-
creasing oligomerization of the MAP3Ks, or localizing
MAP3Ks to sites of activation. WNK1 may also be acting
on MEKK2 and MEKK3 by one of these mechanisms.

Using RNAi we demonstrated that WNK1 is required
for ERK5 activation by low, physiological concentrations
of EGF, as well as partially by H2O2 [21]. Although WNK1
is activated by osmotic stresses, it was not required for
activation of ERK5 by sorbitol or NaCl. This may also
suggest that the catalytic activity of WNK1 is not of major
importance in the ERK5 pathway. Thus, regulators of the
kinase activity are not necessarily the agents recruiting
WNK1 to activate the ERK5 pathway. Partial clones of
WNK1 and WNK2 were isolated from malignant prostate
tissue and pancreatic adenocarcinoma, suggesting their
involvement in cancer [22, 23]. The apparent importance
of the ERK5 pathway in development along with the
requirement for WNK1 in the activation of ERK5 by EGF,
may suggest that the WNK’s linking to the ERK5 path-

way may be the most important in normal and abnormal
cell proliferation.

A TWO-HYBRID SCREEN WITH THE WNK1
KINASE DOMAIN SUGGESTS A POTENTIAL
MECHANISM TO REGULATE MEMBRANE
FUNCTION

Two-hybrid screens of a brain cDNA library with the
kinase domain of WNK1 yielded synaptotagmin 2 [24].
Synaptotagmin 2 is a calcium sensor that facilitates fusion
of vesicles with the plasma membrane [25]. The WNK1-
interacting portion of synaptotagmin 2 was its calcium-
binding C2 domain. Synaptotagmin 2 and WNK1 bind as
assessed by GST pull down assays, and by co-immuno-
precipitation of endogenous proteins from cells. In contrast,
WNK4 does not interact with synaptotagmin 2. Endo-
genous WNK1 and synaptotagmin 2 are found co-localized
on a subset of secretory granules by immunofluorescence
and sedimentation of homogenates from an insulin-secret-
ing pancreatic β cell line [24]. Phosphorylation of synap-
totagmin 2 on threonine 202 can be detected by immuno-
blotting with a phospho-specific antibody and is enhanced
by coexpression of WNK1. Phosphorylation by WNK1
increases the amount of Ca2+ required for synaptotagmin
2 binding to phospholipid vesicles and mutation of threo-
nine 202 partially prevents this change (Fig. 4). Taken
together, these findings suggest that phosphorylation of
synaptotagmins by WNK1 is a mechanism to regulate Ca2+

sensing and the subsequent Ca2+-dependent interactions
mediated by synaptotagmin C2 domains. The selectivity
of WNK1 over WNK4 suggests that this may predomi-
nantly be a WNK1 function. These findings provide a bio-
chemical mechanism that could lead to the retention or
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Fig. 3  WNK1 can activate the ERK5 MAPK pathway upstream of MEKK2 and MEKK3. (A) MAPK cascade: Left, the standard
module; Right, an ERK5 module. (B) Activation of ERK5 by WNK1. (C) Effect of kinase-defective mutants of MEKK1and
MEKK2 on activation of ERK5 by WNK1.
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insertion of proteins in the plasma membrane. Because
many ion transporters are regulated by membrane inser-
tion or retrieval, WNK1 may be able to influence ion ho-
meostasis through its effects on synaptotagmin function.

WNKs—THE FUTURE
The primary sequence and lack of identifiable domains

in WNK proteins suggests that they function as scaffolds.
WNK1, for example, has more than twenty PXXP motifs
that are typical binding sites for SH3 domains. WNK4 has
even more of these putative docking sites. The behavior
of endogenous WNK1 in lysates is consistent with its form-
ing a homo-tetramer and we have begun to identity sites
of self-association. Given these properties, one possibility
is that WNK hetero-oligomers may form under certain
conditions. This would allow the functions of multiple
WNK proteins to be acting as a single complex. It also
seems likely that the interactions orchestrated by WNK
proteins may be their most significant feature. It has been
suggested that the average 50 kD protein will interact with
9 other proteins, not including enzyme-substrate associa-
tions [26]. If this relationship can be extrapolated to pro-
teins of large size, then one might predict that WNK1 will
bind to as many as 50 other proteins. Thus, the capacity of
WNK proteins to influence cell functions may be substan-
tially greater than we presently realize. The fact that dis-
ruption of the WNK1 gene caused lethality during embry-
onic development strongly suggests that blood pressure
regulation is only one of the roles performed by this un-
usual group of protein kinases.
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