
WNK1 Is a Novel Regulator of Munc18c-Syntaxin 4 Complex
Formation in Soluble NSF Attachment Protein Receptor (SNARE)-
mediated Vesicle Exocytosis*

Eunjin Oh‡, Charles J. Heise§, Jessie M. English¶, Melanie H. Cobb||, and Debbie C.
Thurmond‡,1

‡ Department of Biochemistry and Molecular Biology, Center for Diabetes Research, Indiana University
School of Medicine, Indianapolis, Indiana 46202

§ Vollum Institute, Oregon Health and Science University, Portland, Oregon 97239

¶ Pfizer Research Technology Center, Cambridge, Massachusetts 02139

|| Department of Pharmacology, University of Texas Southwestern Medical Center at Dallas, Dallas, Texas
75390

Abstract
Defects in soluble NSF attachment protein receptor (SNARE)-mediated granule exocytosis occur in
islet beta cells, adipocytes, and/or skeletal muscle cells correlate with increased susceptibility to
insulin resistance and diabetes. The serine/threonine kinase WNK1 (with no K (lysine)) has recently
been implicated in exocytosis and is expressed in all three of these cell types. To search for WNK1
substrates related to exocytosis, we conducted a WNK1 two-hybrid screen, which yielded Munc18c.
Munc18c is known to be a key regulator of accessibility of the target membrane (t-SNARE) protein
syntaxin 4 to participate in SNARE core complex assembly, although a paucity of Munc18c-binding
factors has precluded discovery of its precise functions. To validate WNK1 as a new Munc18c-
interacting partner, the direct interaction between WNK1 and Munc18c was confirmed using in
vitro binding analysis, and endogenous WNK1-Munc18c complexes were detected in the cytosolic
and plasma membrane compartments of the islet beta cell line MIN6. This binding interaction is
mediated through the N-terminal 172 residues of Munc18c and the kinase domain residues of WNK1
(residues 159–491). Expression of either of these two minimal interaction domains resulted in
inhibition of glucose-stimulated insulin secretion, consistent with a functional importance for the
endogenous WNK1-Munc18c complex in exocytosis. Interestingly, Munc18c failed to serve as a
WNK1 substrate in kinase activity assays, suggesting that WNK1 functions in SNARE complex
assembly outside its role as a kinase. Taken together, these data support a novel role for WNK1 and
a new mechanism for the regulation of SNARE complex assembly by WNK1-Munc18c complexes.

WNK is an unusual novel member of the Ser/Thr kinase family, named WNK (with no K
(lysine)), based upon its lack of an otherwise highly conserved lysine residue present within
kinase core domains (1). Although three additional WNK family members have been identified
in humans, named WNK2, WNK3, and WNK4 (2), WNK1 in particular has been linked to the
inherited hypertension syndrome termed pseudohypoaldosteronism II (3). WNK1
heterozygous (+/−) knock-out mice are viable but display reduced blood pressure, consistent
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with the role of WNK1 in regulation of blood pressure in humans (4). WNK1 is a large ~230-
kDa soluble protein that is widely expressed in diverse cell types and tissues and as such has
been proposed to function outside this role in ion channel regulation (1,5). WNK1 contains a
kinase domain near its N terminus between residues 218 and 490 and a long C terminus with
predicted coiled-coils (5). Analyses of protein kinase activities of various WNK1 truncation
mutants also revealed the presence of an autoinhibitory domain located between residues 491
and 555 (6). Human WNK1 has been shown to become activated on Thr60 (7) (rodent residue
is Thr58 (8)) in response to insulin-like growth factor and to insulin in adipocytes (9), although
the function of WNK1 signaling in this endocrine cell type remains unknown.

In another endocrine cell type, insulin-secreting INS-1 beta cells, WNK1 has been implicated
in vesicular trafficking via its ability to phosphorylate the calcium sensor protein
synaptotagmin 2 (10,11). Endogenous WNK1 and synaptotagmin 2 were shown to co-localize
on a subset of secretory granules, and synaptotagmin 2 phosphorylation was enhanced by
coexpression of WNK1 (10). Since synaptotagmin 2 is known to facilitate fusion of vesicles
with the plasma membrane in neuronal cells (11), it is predicted that WNK1, by association,
may be involved in this process as well.

The identification of synaptotagmin 2 as a WNK1 substrate was made by using the unique
kinase domain of WNK1 as bait in a yeast two-hybrid screen (10). Using the same screening
strategy, a second vesicular trafficking protein was also identified: Munc18c. Munc18c is a
member of the SM (Sec1/Munc18) family of syntaxin-binding proteins and binds selectively
to the syntaxin 4 isoform, whereas Munc18a and Munc18b isoforms bind to syntaxins 1–3
(12). Like synaptotagmin 2, Munc18c functions in insulin granule fusion, such that islets from
Munc18c heterozygous (+/−) mice show impaired glucose-stimulated insulin secretion (13).
However, distinct from syntaptotagmin 2 localization to the granule, Munc18c is a soluble
~67-kDa protein that exists in the cytosolic compartment and also at the plasma membrane,
associated with membrane proteins syntaxin 4 and Doc2β (14). These differences in cellular
locale of WNK1 substrates in islet beta cells suggest that WNK1 may function at multiple steps
in vesicle trafficking and fusion. In addition, Munc18c functions in insulin-stimulated GLUT4
vesicle translocation and fusion in 3T3L1 adipocytes (15–17) and thus may be part of the
mechanism by which WNK1 participates in insulin signaling. Although the precise role of
Munc18c in vesicle/granule fusion has remained elusive, in part due to the lack of predictable
domain structure and paucity of interacting partners, there is consensus that it functions as a
scaffold to regulate syntaxin 4 conformation and availability for participation in SNARE core
complex assembly (14,18–20). Interestingly, Munc18c function and interaction with syntaxin
4 is altered by stimulus-induced tyrosine phosphorylation (21,22) and protein kinase C-induced
serine/threonine phosphorylation (23), supporting the idea that Munc18c associates with a
kinase, such as WNK1.

In this study, we demonstrate that Munc18c is a WNK1-interacting protein and that endogenous
Munc18c-WNK1 complexes are important for glucose-stimulated insulin secretion via a
syntaxin 4-dependent mechanism. The complex association requires the N-terminal 172
residues of Munc18c and the kinase domain of WNK1. Paradoxically, although the kinase
domain of WNK1 is essential for Munc18c association, activation by autophosphorylation of
WNK1 is not required. These data provide new insight into the function of WNK1 in vesicle/
granule exocytosis, outside its known function as a kinase, and reveal the identity of a novel
Munc18c-interacting protein.
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EXPERIMENTAL PROCEDURES
Materials

The rabbit polyclonal anti-WNK1 (Q256) and Munc18c antibodies were generated as described
(1,15). The monoclonal FLAG (M2) antibody was obtained from Sigma. Rabbit and mouse
anti-GFP2 antibodies and pEGFP plasmids were acquired from Abcam (Cambridge, MA) and
Clontech, respectively. The rabbit polyclonal anti-syntaxin 4 and mouse monoclonal anti-
VAMP2 antibodies were purchased from Chemicon (Temecula, CA) and Synaptic Systems
(Gottingen, Germany), respectively. The rabbit polyclonal anti-Myc antibody was purchased
from Upstate Biotechnology, Inc. (Lake Placid, NY). The monoclonal anti-Myc (9E10)
antibody and protein G-Plus-agarose were obtained from Santa Cruz Bio-technology, Inc.
(Santa Cruz, CA). The MIN6 cells were a gift from Dr. John Hutton (University of Colorado
Health Sciences Center). Goat anti-mouse and anti-rabbit horseradish peroxidase secondary
antibodies and Transfectin lipid reagent were acquired from Bio-Rad. Enhanced
chemiluminescence reagent was obtained from Amersham Biosciences (Pittsburgh, PA). The
human C-peptide radioimmunoassay (RIA) kit was purchased from Linco Research Inc. (St.
Charles, MO).

Plasmids
The pCMV5-Myc-WNK1 truncation mutants 1–491, 1–555, 1–220, and 159–555 were
generated as previously described (1). An additional construct, pCMV5-Myc-WNK1-(1–491)
K233M, was made by subcloning the K233M-mutagenized 1–491 fragment from pGEX-KS
WNK1-(1–491) K233M (1) into the EcoRI and HindIII sites of the pCMV5 vector. The
pMunc18c-GFP deletion constructs 1–172, 173–255, 256–332, and 333–592 and pcDNA3.1-
FLAG-Munc18c were generated as previously described (14,22). The pGEX4T-1-Munc18c
construct was made by subcloning a PCR-generated full-length Munc18c fragment, using
pcDNA3.1-Munc18c DNA as template, engineered with the 5′ SalI site and 3′ EcoRI site for
insertion into the pGEX-4T–1 vector. Human proinsulin DNA was obtained as a gift from Dr.
Chris Newgard (Duke University). All constructs were verified by DNA sequencing.

Cell Culture, Transient Transfection, and Secretion Assays
MIN6 beta cells were cultured as described previously (24). MIN6 beta cells at 50–60%
confluence were transfected with 40 μ g of plasmid DNA/10-cm2 dish using Transfectin (Bio-
Rad) to obtain ~50% transfection efficiency. After 48 h of incubation, cells were incubated for
2 h in modified Krebs-Ringer bicarbonate buffer (MKRBB; 5 mM KCl, 120 mM NaCl, 15
mM Hepes, pH 7.4, 24 mM NaHCO3, 1 mM MgCl2, 2 mM CaCl2, and 1 mg/ml bovine serum
albumin) and stimulated with 20 mM glucose. Cells were subsequently lysed in Nonidet P-40
lysis buffer (25 mM Tris, pH 7.4, 1% Nonidet P-40, 10% glycerol, 50 mM sodium fluoride,
10 mM sodium pyrophosphate, 137 mM sodium chloride, 1 mM sodium vanadate, 1 mM
phenylmethylsulfonyl fluoride, 10 μ g/ml aprotinin, 1 μ g/ml pepstatin, and 5 μ g/ml leupeptin),
and lysates were cleared by microcentrifugation for 10 min at 4 °C for subsequent use in co-
immunoprecipitation experiments. For measurement of human C-peptide release, MIN6 beta
cells were transiently co-transfected with each plasmid plus human proinsulin cDNA, using
transfectin with 2 μg of each DNA per 35-mm dish of cells at 50–60% confluence. Forty-eight
hours later, cells were preincubated for 2 h in MKRBB buffer and stimulated with 20 mM
glucose for 1 h, and human C-peptide was released into the buffer quantitated by RIA. CHO-
K1 cells were cultured and electroporated as previously described (15). After 48 h of

2The abbreviations used are: GFP, green fluorescent protein; EGFP, enhanced green fluorescence protein; IP, immunoprecipitation; IB,
immunoblot; MKRBB, modified Krebs-Ringer bicarbonate buffer; PM, plasma membrane; SNARE, soluble NSF attachment protein
receptor; GST, glutathione S-transferase; WT, wild type; RIA, radioimmunoassay; CHO, Chinese hamster ovary.
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incubation, cleared detergent cell lysates were prepared for subsequent use in co-
immunoprecipitation experiments.

Subcellular Fractionation
Subcellular fractions of beta cells were prepared as described previously (25). Briefly, MIN6
beta cells at 80–90% confluence were harvested into 1 ml of homogenization buffer (20 mM
Tris-HCl, pH 7.4, 0.5 mM EDTA, 0.5 mM EGTA, 250 mM sucrose, 1 mM dithiothreitol, and
1 mM sodium orthovanadate containing protease inhibitors) and disrupted by 10 strokes
through a 27-gauge needle. Homogenates were centrifuged at 900 × g for 10 min. Postnuclear
supernatants were centrifuged at 5,500 × g for 15 min, and the subsequent supernatant was
centrifuged at 25,000 × g for 20 min to obtain the secretory granule fraction in the pellet. The
supernatant was further centrifuged at 100,000 × g for 1 h to obtain the cytosolic fraction.
Plasma membrane (PM) fractions were obtained by mixing the postnuclear pellet with 1 ml of
Buffer A (0.25 M sucrose, 1 mM MgCl2, and 10 mM Tris-HCl, pH 7.4) and 2 volumes of
Buffer B (2 M sucrose, 1 mM MgCl2, and 10 mM Tris-HCl, pH 7.4). The mixture was overlaid
with Buffer A and centrifuged at 113,000 × g for 1 h to obtain an interface containing the
plasma membrane fraction. The interface was collected and diluted to 2 ml with
homogenization buffer for centrifugation at 6,000 × g for 10 min, and the resulting pellet was
collected as the plasma membrane fraction. All pellets were resuspended in 1% Nonidet P-40
lysis buffer to solubilize membrane proteins.

Co-immunoprecipitation and Immunoblotting
Antibodies were combined with cleared detergent lysate protein for 2 h at 4 °C followed by a
second incubation with protein G-Plus-agarose for 2 h. Immunoprecipitates were subjected to
8.5 or 12% SDS-PAGE, followed by transfer to polyvinylidene difluoride membranes for
immunoblotting. Chemiluminescence was detected using a Chemi-Doc gel documentation
system (Bio-Rad).

Recombinant Proteins and Interaction Assays
Recombinant proteins GST-WNK1-(1–491) WT, GST-WNK1-(1–491) K233M, and GST-
Munc18c were expressed in Escherichia coli and purified by glutathione-agarose affinity
chromatography. Recombinant WNK1-(1–491) was obtained following thrombin cleavage
(Novagen) of GST-WNK1-(1–491). The interaction of GST-Munc18c with thrombin-cleaved
WNK1 was performed by incubating 2 μg of GST-Munc18c linked to Sepharose beads with
2 μg of recombinant WNK1 protein in Nonidet P-40 lysis buffer for 2 h at 4 °C. Following
three washes with lysis buffer, proteins were eluted from the Sepharose beads and subjected
to 10% SDS-PAGE followed by transfer to polyvinylidene difluoride membrane for
immunoblotting.

In Vitro Kinase Assays
Kinase assays were performed using recombinant WNK1-(1– 491) and/or Munc18c proteins
in 30 μl of 1× kinase buffer containing 20 mM Hepes (pH 7.6), 10 μM ATP, 10 mM MgCl2,
10 mM, 10 mM β-glycerophosphate, 1 mM dithiothreitol, 1 mM benzamidine, and 10 μCi of
[γ-32P]ATP. GST-Munc18c and WNK1 were incubated for 15 and 30 min at 30 °C as described
(10). Reactions were stopped by adding 7.5 μl of 5± SDS sample buffer followed by boiling
for 2 min. Reactions (20 μl) were analyzed by SDS-PAGE and autoradiography.

Statistical Analysis
All data are expressed as mean ± S.E. Data were evaluated for statistical significance using
Student’s t test.
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RESULTS
WNK1 and Munc18c Associate in MIN6 Beta Cells

The kinase domain of WNK1 was used in the pLexA-bait strain (Clontech) to screen a library
of pAD42-prey strains containing rat brain cDNA, as described previously (10,26). Munc18c
was detected in this screen. To confirm the WNK1-Munc18c interaction, a truncated form of
WNK1-(1–491) containing the kinase domain (amino acids 218–490) fused to a C-terminal
Myc tag (Fig. 1A) was co-electroporated with full-length Munc18c fused to EGFP (Munc18c-
EGFP) or EGFP vector control into CHO-K1 cells for subsequent immunoprecipitation
analyses. The CHO-K1 cells have high transfection efficiency (>70%) and contain
undetectable levels of endogenous Munc18c protein. Anti-Myc (WNK1) immunoprecipitation
resulted in specific co-immunoprecipitation of Munc18c-EGFP (Fig. 1B), confirming the yeast
two-hybrid screen and indicating that the WNK1 truncation containing the N-terminal 491
residues was sufficient to confer association with Munc18c in mammalian cells.

We next sought to determine if WNK1-Munc18c complexes formed in islet beta cells. WNK1
has previously been shown to localize to insulin granules and cytosolic fractions in INS-1 beta
cells (10), whereas we and others have found Munc18c localized principally to plasma
membrane and cytosolic compartments, with only trace amounts in the granule fraction of
MIN6 beta cells (14,27,28). Given that both Munc18c and WNK1 reportedly exist in the
cytosolic compartment, we investigated whether they associated in this locale. The MIN6 beta
cell line was used for preparation of subcellular fractions and determination of WNK1 and
Munc18c localization (Fig. 2A). Consistent with the locale of WNK1 in the INS-1 beta cells,
WNK1 was found principally localized to the cytosolic (Cyt) fraction, with some presence in
the storage granule (SG) and PM fractions. In the same fractions, Munc18c was also present,
but its relative distribution in the cytosolic and PM fractions was reversed relative to that of
WNK1. Immunodetection of the plasma membrane protein syntaxin 4 was used to validate
integrity of sub-cellular fractionation in MIN6 beta cells (14).

The fractions were subsequently divided for use in parallel immunoprecipitation reactions with
Munc18c and WNK1 antibodies. Immunoprecipitation with anti-Munc18c antibody was
capable of reproducibly co-immunoprecipitating WNK1 from the cytosolic and PM fractions
(Fig. 2B, lanes 1–3). In two of the five cytosolic co-immunoprecipitation experiments, a
glucose-induced decrease in Munc18c-WNK1 association was observed (data not shown). The
lack of consistent detection of a decrease with glucose is reminiscent of that observed with
Munc18c-syntaxin 4 complexes, which transiently associate/dissociate with changes in the
phosphorylation state of Munc18c (22). In addition, reciprocal immunoprecipitation of WNK1
similarly resulted in co-precipitation of Munc18c from the PM fraction (Fig. 2B, lane 4). Anti-
Munc18c co-immuno-precipitated syntaxin from the PM fraction as expected, although anti-
WNK1 failed to precipitate syntaxin 4. These data suggest that Munc18c-WNK1 complexes
existed primarily in the PM and cytosolic compartments and that those located at the PM
excluded syntaxin 4.

Residues 1–172 of Munc18c Are Sufficient to Confer Binding to WNK1
To determine the minimal binding domain of Munc18c required for its interaction with WNK1,
a series of Munc18-EGFP truncation constructs (Fig. 3A) was used as previously described
(14,22). Truncation constructs were co-elec-troporated with WNK1-(1–491)-Myc into CHO-
K1 cells, and lysates were prepared for use in anti-Myc (WNK1) immunoprecipitation
reactions. Although all four truncations of Munc18c were found to be expressed in cell lysates
(Fig. 3B, lanes 1–4), only the truncation containing residues 1–172 of Munc18c was capable
of co-precipitating with WNK1-Myc (Fig. 3B, lanes 5–8). This indicated that the N-terminal
Munc18c-(1–172) residues are sufficient to confer interaction with WNK1.
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Endogenous WNK1-Munc18c Complexes Are Essential for Syntaxin 4-mediated Insulin
Granule Exocytosis

To determine whether WNK1-Munc18c complexes were functionally required for insulin
secretion, we used the minimal binding domain of Munc18c (residues 1–172) to competitively
inhibit formation of endogenous WNK1-Munc18c complexes. Co-immunoprecipitation assays
revealed that 10-fold more Munc18c-(1–172) truncation protein was precipitated by WNK1-
Myc compared with full-length Munc18c and that its overexpression reduced endogenous
WNK1-Munc18c complex formation (n = 4; data not shown), suggesting its utility as a
competitive inhibitor. Moreover, this small fragment of Munc18c fails to bind to syntaxin 4
(22) and thus should not perturb that association. MIN6 cells were co-transfected with
pcDNA3.1-Munc18c-(1–172) or pcDNA3.1 vector control together with human proinsulin
cDNA, and effects upon glucose-stimulated human C-peptide were assessed. Human C-
peptide, cleaved from expressed human proinsulin, is synthesized and packaged in the MIN6
beta cells yet is immunologically distinct from endogenous mouse C-peptide and serves as a
reporter of secretion from transfectable cells (29,30). MIN6 cells transfected with vector
control showed 141% of basal human C-peptide secretion in the response to glucose, whereas
cells expressing Munc18c-(1–172) had significantly reduced glucose-stimulated secretion
(Fig. 4A). Expression of Munc18c-(1–172) was without effect upon basal secretion (0.13 ±
0.02 ng/mg protein for Munc18c-1–172 versus 0.12 ± 0.01 ng/mg for control, n = 4). These
data indicated that the endogenous WNK1-Munc18c complexes were functionally required for
glucose-stimulated secretion but not necessarily for maintenance of basal insulin levels.

To investigate the mechanism of this alteration in function, we assessed SNARE complex
assembly (syntaxin-VAMP association) in MIN6 cell lysates from cells expressing Munc18c-
(1–172)-EGFP or EGFP vector control. As we have shown previously (14,22), glucose
stimulation for 5 min increased the co-immunoprecipitation of VAMP2 granules with syntaxin
4 in lysates from vector-expressing cells (Fig. 4B, lanes 1 and 2). However, MIN6 cells
overexpressing Munc18c-(1–172)-EGFP exhibited significantly less syntaxin 4-VAMP2
association, under both basal and glucose-stimulated conditions (Fig. 4B, lanes 3 and 4).
Immunoblotting of lysate proteins confirmed equivalent expression levels of EGFP and
Munc18c-(1–172)-EGFP proteins, indicating that the effect of the Munc18c-(1–172) protein
was specific. Quantitation of the VAMP2/syntaxin 4 ratio from three independent experiments
revealed the decreases in SNARE complexes to be on the order of 75% or ~3-fold fewer than
those formed in cells expressing vector alone (Fig. 4C). This effect of the 1–172 region upon
the basal VAMP2/syntaxin 4 ratio was unique, since we previously reported that expression
of the Munc18c-(173–255) region impaired only the glucose-stimulated syntaxin 4-VAMP2
association (14). Since the abundance of SNARE complexes associated under basal conditions
has been correlated with the abundance of insulin granules predocked at the PM for first phase
insulin release (31), the data presented here suggest that endogenous WNK1-Munc18c
complexes regulate syntaxin 4-mediated granule docking/fusion for both phases of glucose-
stimulated insulin secretion. This would be consistent with our published data showing that
syntaxin 4, a specific binding partner of Munc18c, is required in both first and second phase
insulin release from islets (27).

The WNK1 Kinase Domain but Not Kinase Activity Is Required for Binding and Function with
Munc18c

Our initial studies showed that the N-terminal 491 residues of WNK1, containing the kinase
domain (residues 218–490) and an upstream proline-rich domain, located within the first 220
residues, were sufficient for interaction with Munc18c. Since WNK1 has previously been
shown to bind proteins through the kinase and autoinhibitory domain (10) or through just the
first 220 residues (8), we sought to further delineate the minimal binding domain of WNK1
needed for interaction with Munc18c using WNK1 truncations tagged with a C-terminal Myc
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epitope (Fig. 5A). The autoinhibitory domain spans residues 491–555 and inhibits the activation
by autophosphorylation of WNK1 (6). Many protein kinases contain such a domain just beyond
their catalytic domain as a means to suppress kinase activity until a stimulus displaces it from
its inhibitory site (32,33). CHO-K1 cells were co-electroporated with Munc18c-(1–172)-EGFP
plus Myc-tagged forms of WNK1-(1–555), WNK1-(159–555), or WNK-(1–220), and lysates
used for immunoprecipitation with anti-EGFP showed equivalent expression of each protein
(Fig. 5B, lanes 1–3). Both WNK1-(1–555) and WNK1-(159–555) retained the ability to co-
immunoprecipitate with Munc18c (Fig. 5B, lanes 4 and 5), indicating that the proline-rich
domain is not required. Furthermore, WNK1-(1–220) failed to co-immunoprecipitate with
Munc18c-EGFP (Fig. 5B, lane 6). Given the ability of the WNK1-(1–491) protein to bind, the
minimal binding region of WNK1 required for Munc18c binding is contained within residues
220–491, the same residues that constitute the WNK1 kinase domain.

Kinase substrates are known to bind in a direct manner and require particular amino acids in
the kinase domain for interaction (34). Although the yeast two-hybrid data strongly suggested
that Munc18c bound in a direct manner to WNK1, we used the GST pull-down approach with
bacterially expressed and purified proteins for confirmation of this direct interaction. WT
WNK1-(1–491) specifically bound to GST-Munc18c and not to the GST control (Fig. 6A,
lanes 3 and 5). Interestingly, a kinase-dead form of WNK1-(1–491) bound in a similar and
specific fashion to the GST-Munc18c (Fig. 6A, lanes 4 and 6). The kinase-dead WNK1 mutant
contained a K233M mutation that preserved normal catalytic lysine arrangement but lacked
autophosphorylation and kinase activity (6). Immunoblotting for GST showed equal loading
of GST and GST-Munc18c proteins in all reactions and recognition of the WT and K233M
forms of WNK1 protein input in the assay.

The GST pull-down data indicated that Munc18c bound WNK1 in a direct manner but
independent of the K233M mutation. To determine if Munc18c functioned as a WNK1
substrate, in vitro kinase reactions were performed as described previously (10,26). In this
assay, WNK1-(1–491) became auto-phosphorylated within 15 min, as detected by 32P
incorporation and autoradiography, and was further increased after 30 min (Fig. 6B, lanes 1
and 2). However, the addition of Munc18c to the assay resulted in only trace levels of 32P
incorporation at the position of Munc18c on the SDS-PAGE after 30 min (Fig. 6B, lanes 7 and
8). Taken together, these data suggested that the activation of WNK1 by autophosphorylation
was not required for its interaction with Munc18c and that the WNK1-Munc18c complex may
function in a capacity other than as just a kinase-substrate association reaction.

WNK1 Functions as a Munc18c Binding Partner Independent of Its Role as a Kinase
We next tested the ability of WNK1 to function as a Munc18c-binding protein within the cell.
Although little is understood of the true physiological function of Munc18c to date, the
identification of Munc18c binding partners can be made based upon their ability to “rescue”
the inhibition of exocytosis that is caused by overexpression of Munc18c; non-Munc18c
binding proteins or a non-PM-localized form of syntaxin 4 fails to rescue exocytosis (16,22).
As shown in Fig. 7A, Munc18c overexpression reduced glucose-stimulated human C-peptide
release by ~75% (108% of basal versus 142% attained in vector-expressing cells, p < 0.001).
However, the addition of WNK1 protein resulted in full restoration of glucose-stimulated
human C-peptide release (Fig. 7A), consistent with its putative role as a Munc18c binding
partner. Correspondingly, the addition of WNK1 to Munc18c-overexpressing cells also
restored VAMP2-syntaxin 4 association in the co-immunoprecipitation assay (Fig. 7B).
Compared with the normal levels of VAMP2 co-immunoprecipitated with syntaxin 4 in vector-
transfected MIN6 cell lysates, levels of VAMP2 co-immunoprecipitated by syntaxin 4 from
Munc18c-overexpressing cells were reduced substantially under both basal and glucose-
stimulated conditions, as we have reported previously (14,22). Quantitatively, the
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overexpression of Munc18c reduced the VAMP2/syntaxin 4 ratio by ~75% or greater under
both basal and glucose-stimulated conditions and negated the glucose-stimulated increase in
VAMP2/syntaxin 4 ratio normally observed (Fig. 7C). The addition of WNK1 restored
VAMP2/syntaxin 4 association to levels observed in vector control cells. In all, these results
suggested that WNK1, like syntaxin 4 and Doc2β, functions as a Munc18c-regulatory protein
in SNARE complex assembly.

To investigate the relationship between WNK1 function as a Munc18c-regulatory protein and
its known function as a kinase, we tested the ability of kinase-dead K233M WNK1
overexpression to relieve the inhibition upon glucose-stimulated insulin secretion caused by
increased Munc18c expression in the human C-peptide secretion assay. Consistent with our
data showing that K233M binds Munc18c as does WT WNK1, K233M WNK1 rescued
glucose-stimulated secretion equally well as did WT WNK1 (Fig. 8A). In contrast, WNK1-(1–
220) failed to rescue secretion when added to Munc18c-overexpressing cells, consistent with
its failure to bind to Munc18c (Fig. 8A). In parallel, the addition of WNK1 K233M restored
the levels of VAMP2 co-precipitated by syntaxin 4 under both unstimulated and stimulated
conditions, matching those levels attained by the addition of WT WNK1 (Fig. 8B, lanes 3–
6). As expected, WNK1-(1–220) was without effect in restoring VAMP2 levels (Fig. 8B, lanes
7 and 8) and demonstrated that the rescue effect was specific for Munc18c-binding proteins.
Immunoblotting showed that FLAG-Munc18c expression was unaltered by expression of
vector or WNK1 proteins and that the various WNK1 proteins were similarly expressed.
Quantitation of the VAMP2/syntaxin 4 ratio confirmed that WNK1 addition restored the ability
of glucose to increase the amount of VAMP2 associated with syntaxin 4 (Fig. 8C). Thus, these
results suggest that WNK1 functions as a Munc18c-interacting protein in cells but that an intact
kinase domain and ability to function as a kinase are not necessary for its role as a Munc18c-
regulatory protein in insulin granule exocytosis.

DISCUSSION
In this study, we have identified a new role for WNK1 in vesicle/granule exocytosis, as a novel
binding partner for the syntaxin 4-regulatory protein Munc18c. Endogenous WNK1-Munc18c
complexes were localized to PM and cytosolic compartments. WNK1 is the third binding
partner identified for the Munc18c protein but only the first to bind to the cytosolic pool of
Munc18c. Residues 1–172 of Munc18c and residues 159–491 containing only the kinase
domain of WNK1 were sufficient to confer association, although mutation of the critical
Lys233 residue in the kinase domain of WNK1 failed to impair its binding to Munc18c.
Consistent with this, activation of WNK1 autophosphorylation was not required for its
interaction with Munc18c, and virtually no phosphorylation of Munc18c was detected in
WNK1 kinase assays. Competitive inhibition of endogenous WNK1-Munc18c complexes
significantly reduced glucose-stimulated insulin release, correlated with a reduction in the
abundance of VAMP2-granules associated with syntaxin 4. Last, WNK1 was found to function
as a Munc18c binding protein in a “rescue assay,” with the K233M mutant function equal to
that of the wild-type WNK1. Taken together, these data support a model whereby WNK1 binds
Munc18c and functions in syntaxin 4-mediated insulin granule exocytosis in a manner
independent of its role as a kinase.

The inability to detect phosphorylation of Munc18c by WNK1 was surprising, given that
Munc18c has been reported to undergo Ser/Thr phosphorylation in endothelial cells (23) and
adipocytes (35), combined with at least two algorithms predicting that the N terminus of
Munc18c was rich in potential sites for this modification. Moreover, its neuronal counterpart
Munc18-1 has been shown to undergo Ser/Thr phosphorylation, which then impacts its
association with syntaxin 1A (36). Although it remains possible that Munc18c phosphorylation
occurred at very low levels, which was obscured by the abundant phosphorylation of the
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similarly sized WNK1-(1–491) protein, immunoblotting consistently showed clear separation
of these proteins on SDS-PAGE and therefore support the conclusion that Munc18c failed to
function as a clear substrate for WNK1 in the in vitro kinase assays.

Notably, Munc18c is the first direct interacting protein of WNK1 that does not appear to
function necessarily as a WNK1 substrate. WNK1 has been shown to bind directly to and
phosphorylate the following substrates: synaptotagmin 2 (10), MEKK2 and MEKK3 (37),
SGK1 (26), SPAK/OSR1 (38), WNK2 and WNK4 (39), Smad2 (40). A related family member
and WNK1 substrate, WNK4, has been shown to bind to ROMK, and this interaction was
independent of WNK4 kinase activity (41). However, ROMK bound to a region of WNK4
outside its kinase domain, unlike Munc18c, which binds to the kinase domain of WNK1. What
is the purpose of the binding of a nonsubstrate protein through the specialized kinase domain?
One possibility may be that WNK1 functions as a scaffold, recruiting Munc18c as a substrate
for another kinase or phosphatase, as has been shown for other factors (42–44). In support of
a role for WNK1 as a scaffold, WNK1 is known to contain 29 PXXP motifs, which could
potentially attract other Src homology 3 domain-containing proteins. Further studies will be
required to explore the role of WNK1 as a scaffold for Munc18c in fostering Munc18c post-
translational modifications and/or cellular compartmentalization.

WNK1 is the third protein to be characterized as a Munc18c binding partner, the others being
syntaxin 4 and Doc2β. However, unlike the other Munc18c-binding proteins, increased WNK1
expression alone failed to augment insulin secretion above normal levels, and small interfering
RNA-mediated depletion of WNK1 failed to inhibit either insulin secretion (data not shown)
or insulin-stimulated GLUT4 vesicle translocation in 3T3L1 adipocytes (9). One explanation
for these differences may be that alteration of WNK1-Munc18c stoichiometry by
overexpression or knockdown of WNK1 did not necessarily reflect the endogenous WNK1-
Munc18c complex molar ratio. This idea is supported by studies showing that the stoichiometry
of SNARE accessory proteins is particularly important for maintaining normal granule
exocytosis (45,46). Alternatively, small interfering RNA-mediated depletion of WNK1 may
have preferentially eliminated a less essential pool of WNK1, since WNK1 exists in multiple
cellular compartments. Further studies examining the distribution of WNK1 in control and
small interfering RNA-depleted cells will provide insight as to whether there exist “essential”
and “nonessential” pools of WNK1 in the cell.

WNK1 also differed from Doc2β function in Munc18c regulation in that disruption of the
WNK1-Munc18c complex using the Munc18c-(1–172) competitive inhibitor caused a 75%
reduction in VAMP2 association with syntaxin 4 under both basal and stimulated conditions
(Fig. 4), whereas disruption of the endogenous Doc2β-Munc18c complex with the Munc18c-
(173–255) competitive inhibitor abolished only the glucose-induced increase in VAMP2
association with syntaxin 4 and was entirely without effect upon basal level association (14).
This difference may reflect the ability of the 1–172 competitive inhibitor to simultaneously
disrupt Munc18c interactions with WNK1 and somewhat with Doc2β (data not shown), given
that this region of Munc18c was able to support some binding to Doc2β, albeit the majority of
Doc2β bound through the 173–255 region of Munc18c.

A key distinction between WNK1-Munc18c and Doc2β-Munc18c complexes is their cellular
locale. Although both syntaxin 4 and Doc2β exclusively bind Munc18c in the PM
compartment, WNK1 binds Munc18c in both the PM and cytosolic compartments. The
Munc18 proteins are fairly equally distributed between the PM and cytosolic compartments of
cells in which they have been studied to date (16,47,48), although their role in the cytosol has
remained elusive due to lack of known cytosolic binding partners. Quantitatively, there is ~8-
fold more protein in the cytosolic fraction than in the PM fraction, indicating that cytosolic
WNK1-Munc18c complexes constitute the majority of these complexes in the cell. Thus,

Oh et al. Page 9

J Biol Chem. Author manuscript; available in PMC 2008 June 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dissociation of these complexes using the Munc18c-(1–172) competitive inhibitor may have
preferentially affected Munc18c in the cytosol and had less effect upon Munc18c at the PM.
This notion is supported by our finding that in cells expressing the competitive inhibitor, there
was not the expected increase in endogenous Munc18c co-immunoprecipitated by syntaxin 4
(data not shown), as was seen in analogous studies of Doc2β (14). Our finding that endogenous
WNK1 and Munc18c present in the cytosol form complexes is the first clue as to the function
of Munc18c in this cellular locale, although studies directed at dissociating just the cytosolic
pool of WNK1-Munc18c complexes will be required to ascertain its particular function.

In summary, our finding that WNK1-Munc18c complexes are essential for VAMP2 association
with syntaxin 4 may represent a new and key link between cardiovascular disease and insulin
resistance. The pathogenesis of cardiovascular disease in insulin resistance is poorly
understood. One commonality may lie in the use of syntaxin 4-based SNARE-mediated granule
exocytosis by platelets, islet beta cells, adipocytes, and skeletal muscle cells to maintain normal
hemostasis and glucose homeostasis. Thus, understanding how WNK1-Munc18c complexes
function in exocytosis will advance our understanding of how glucose homeostasis is regulated
and how it may be linked to cardiovascular function.
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FIGURE 1. The N terminus of WNK1 containing the kinase domain is sufficient to confer
interaction with Munc18c
A, schematic diagram shows domains of full-length WNK1-(1–2126) and the truncated
WNK1-(1– 491), which contains the kinase domain. B, CHO-K1 cells were electroporated
with WNK1-(1– 491)-Myc and Munc18c-EGFP or EGFP-N3 vector DNA. Lysates were
subsequently prepared and immunoprecipitated with anti-Myc antibody. Proteins were
subjected to 10% SDS-PAGE and immunoblotted with anti-Myc and anti-EGFP antibodies.
Data are representative of three independent experiments.
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FIGURE 2. WNK1 associates with Munc18c in MIN6 beta cells
A, lysate prepared from cytosol (Cyt), storage granule (SG), and PM fractions isolated from
MIN6 cells were resolved on 8.5% SDS-polyacrylamide gel (40 μg), transferred to
polyvinylidene difluoride membrane, and immunoblotted with anti-WNK1, anti-Munc18c and
anti-syntaxin 4 antibodies. B, cytosol fractions (2 mg) and granule (400 μg) were used for
immunoprecipitation with anti-Munc18c antibody. One plasma membrane fraction preparation
divided into two portions (200 μg each) was used for immunoprecipitation with anti-Munc18c
or anti-WNK1 antibodies in parallel reactions. Proteins were resolved on 8.5% SDS-PAGE
for subsequent immunoblotting with anti-WNK1, anti-Munc18c, and anti-syntaxin 4
antibodies. Data are representative of three independent experiments.
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FIGURE 3. The N terminus of Munc18c is sufficient for mediating the Munc18c-WNK1 interaction
A, four fragments traversing the length of Munc18c were linked at the C terminus to EGFP.
B, DNA constructs were co-electroporated into CHO-K1 cells with WNK1-(1– 491)-Myc, and
48 h later, detergent lysates were prepared for immunoprecipitation with anti-Myc antibody.
Proteins were subjected to 12% SDS-PAGE and immunoblotted with anti-EGFP antibody to
detect binding of Munc18c fragments. Equal precipitation of WNK1-Myc was confirmed by
anti-Myc immunoblotting. Lysate proteins (50 μg/lane) show the expression of each Munc18c-
EGFP fragment (left). Data are representative of at least three independent experiments.
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FIGURE 4. Munc18c-WNK1 complexes are essential for glucose-stimulated insulin granule
exocytosis
A, MIN6 cells were transiently transfected with either pcDNA3 vector or pcDNA3-Munc18c-
(1–172) plus human proinsulin DNA, which served as a reporter of secretion specifically from
transfectable cells. After 48 h of incubation, cells were preincubated in MKRBB for 2 h and
left unstimulated (open bars) or stimulated with 20 mM glucose (black bars). Human C-peptide
secreted into the media was measured by RIA and normalized for total cellular protein content.
Data represent the stimulation indices of four independent experiments performed with
multiple batches of DNA and are shown as the average ± S.E. *, p < 0.005 versus vector control.
B, overexpression of Munc18c-(1–172) inhibits the association of endogenous VAMP2 with
syntaxin 4. Detergent cell lysates prepared from MIN6 cells transiently transfected to express
Munc18c-(1–172)-EGFP or vector control and left unstimulated or stimulated with 20 mM
glucose for 5 min were used in immunoprecipitation reactions with anti-syntaxin 4 antibody.
Immunoprecipitated proteins were resolved on 12% SDS-PAGE, and co-immunoprecipitated
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VAMP2 was detected by immunoblotting. C, optical density scanning quantitation of VAMP2/
syntaxin. Data in each of three independent experiments were normalized to the level of
association under basal conditions. *, p <0.001 versus vector basal conditions; **, p <0.001
versus vector stimulated.
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FIGURE 5. The kinase domain of WNK1 is required for Munc18c binding
A, schematic diagram shows kinase domain-containing constructs WNK1-(1–491), WNK1-
(1–555), and WNK1-(159 –555); WNK1-(1–220) lacks the kinase domain. B, CHO cells were
electroporated with WNK1-(1–555)-Myc or WNK1-(159 –555) or WNK1-(1–220) and
Munc18c-EGFP plasmids. Lysates were subsequently prepared and immunoprecipitated with
anti-Myc antibody. Proteins were subjected to 10% SDS-PAGE and immunoblotted with anti-
Myc and anti-EGFP antibodies. Hc, antibody heavy chain. Data are representative of three
independent experiments.
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FIGURE 6. WNK1 kinase activity is not required for interaction with Munc18c
A, bacterially expressed GST-Munc18c or GST proteins were purified and linked to beads for
in vitro binding studies with purified WNK1 WT and WNK1 K233M kinase-dead proteins.
GST-precipitated proteins were subjected to 10% SDS-PAGE for subsequent immunoblotting
with anti-WNK1 and anti-GST antibodies. B, in vitro kinase assays were performed with
purified WNK1-(1– 491) and Munc18c proteins. Assays were terminated with Laemmli sample
buffer and resolved by 10% SDS-PAGE. WNK1 autophosphorylation was detected at 15 min
and increased at 30 min (lanes 1 and 2), yet no significant 32P incorporation in Munc18c (lanes
5– 8) was observed in five independent experiments.
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FIGURE 7. WNK1 functions as a Munc18c binding partner independent from its role as a kinase
A, MIN6 cells were transfected with pcDNA3 vector control, pcDNA3-FLAG-Munc18c, or
both pcDNA3-FLAG-Munc18c and pCMV5-WNK1-(1– 491) together plus human proinsulin
DNA. After a 48-h incubation, cells were preincubated in MKRBB for 2 h, followed by
stimulation with 20 mM glucose. Human C-peptide secreted into the media was measured by
RIA and normalized for total cellular protein content. Data represent the stimulation indices
of six independent experiments shown as the average ± S.E. *, p <0.001 versus vector control;
**, p <0.001 versus Munc18c plus vector. B, co-overexpression of WNK1 with FLAG-
Munc18c rescues VAMP2 association with syntaxin 4. Detergent cell lysates prepared from
unstimulated (0) or glucose-stimulated (5 min) MIN6 cells transiently transfected with vector,
Munc18c, or both Munc18c and WNK1 together were used for immunoprecipitation with anti-
syntaxin 4 antibody. Immunoprecipitated proteins were resolved on 12% SDS-PAGE for
immunodetection of VAMP2. Data are representative of four independent experiments. C,
optical density scanning quantitation of VAMP2/syntaxin ratio in cells overexpressing
Munc18c alone or Munc18c +WNK1-(1– 491). Data in each of four independent experiments
were normalized to the level of association under basal conditions. *, p <0.01 versus vector
transfected under basal conditions; **, p < 0.01 versus vector under glucose-stimulated
conditions; †, p <0.01 versus Munc18c transfected under basal conditions; ††, p < 0.05
versus Munc18c transfected under glucose-stimulated conditions.
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FIGURE 8. WNK1 function in Munc18c-regulated insulin granule exocytosis occurs independently
of its kinase activity
A, MIN6 cells were transfected with pcDNA3-FLAG-Munc18c or pcDNA3-FLAG-Munc18c
plus pCMV5-WNK1-(1– 491) WT, pCMV5-WNK1-(1– 491, K233M kinase-dead form), or
pCMV5-WNK1 (1–220) with reporter human proinsulin DNA. After a 48-h incubation, cells
were preincubated in MKRBB for 2 h followed by stimulation with 20 mM glucose. Human
C-peptide secreted into the media was measured by RIA and normalized for total cellular
protein content. Data represent the stimulation indices of 3–5 independent experiments shown
as the average ± S.E.; *, p < 0.01 versus Munc18c + vector. B, co-overexpression of WNK1
K233M with Munc18c rescues VAMP2 association with syntaxin 4, whereas WNK1-(1–220)
fails to rescue. Detergent cell lysates prepared from unstimulated (0) or glucose-stimulated (5
min) MIN6 cells transiently transfected with Munc18c or Munc18c plus WNK1 WT, K233M,
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or WNK1-(1–220) were used for immunoprecipitation with anti-syntaxin 4 antibody.
Immunoprecipitated proteins were resolved on 12% SDS-PAGE for immunodetection of
VAMP2. Data are representative of three independent experiments. C, optical density scanning
quantitation of VAMP2/syntaxin in cells overexpressing Munc18c minus/plus WNK1 WT,
K233M, or 1–220 fragments. Data in each of three independent experiments were normalized
to basal of Munc18c only = 1 and are shown as the average ± S.E. *, p < 0.005 versus basal of
Munc18c + vector; **, p < 0.01 versus glucose-stimulated Munc18c + vector.
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