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Identified over a dozen years ago in the brain and pancreatic islet,
βIV-spectrin is critical for the local organization of protein com-
plexes throughout the nervous system. βIV-Spectrin targets ion
channels and adapter proteins to axon initial segments and nodes
of Ranvier in neurons, and βIV-spectrin dysfunction underlies
ataxia and early death in mice. Despite advances in βIV-spectrin
research in the nervous system, its role in pancreatic islet biology
is unknown. Here, we report that βIV-spectrin serves as a multifunc-
tional structural and signaling platform in the pancreatic islet. We
report that βIV-spectrin directly associates with and targets the
calcium/calmodulin-dependent protein kinase II (CaMKII) in pan-
creatic islets. In parallel, βIV-spectrin targets ankyrin-B and the
ATP-sensitive potassium channel. Consistent with these findings,
βIV-spectrin mutant mice lacking CaMKII- or ankyrin-binding motifs
display selective loss of expression and targeting of key protein
components, including CaMKIIδ. βIV-Spectrin–targeted CaMKII di-
rectly phosphorylates the inwardly-rectifying potassium channel,
Kir6.2 (alpha subunit of KATP channel complex), and we identify
the specific residue, Kir6.2 T224, responsible for CaMKII-dependent
regulation of KATP channel function. CaMKII-dependent phosphor-
ylation alters channel regulation resulting in KATP channel inhibi-
tion, a cellular phenotype consistent with aberrant insulin
regulation. Finally, we demonstrate aberrant KATP channel phos-
phorylation in βIV-spectrin mutant mice. In summary, our findings
establish a broader role for βIV-spectrin in regulation of cell mem-
brane excitability in the pancreatic islet, define the pathway for
CaMKII local control in pancreatic beta cells, and identify the mech-
anism for CaMKII-dependent regulation of KATP channels.

trafficking | local regulation

The coordinate expression, localization, and regulation of ion
channels are critical for excitable cell biology, namely, neu-

ronal transmission, cardiac excitation–contraction coupling, en-
docrine/exocrine secretory regulation, and skeletal muscle function.
The spectrin family of polypeptides, originally discovered as
a critical component of the erythrocyte plasma membrane over 30 y
ago, is now known to play important structural roles in both non-
excitable and excitable cells (1, 2). Spectrin alpha (α) and beta (β)
subunits form antiparallel dimers that self-associate to form tet-
ramers, creating a submembranous scaffolding network anchored
to actin filaments via β-spectrin (2). Whereas two genes encode
α-spectrin polypeptides (αI-, αII-spectrin), spectrin family diversity is
created through assembly of α-spectrin products with five β-spectrin
genes (encoding βI–βV-spectrin) (2). Over a dozen years ago, βIV-
spectrin was identified in brain and pancreatic islets (3). Since these
findings, a host of studies have identified βIV-spectrin as a critical
player for defining local membrane domains in the nervous system
(4–6). Notably, βIV-spectrin complexes serve essential roles in tar-
geting ankyrin and associated membrane proteins, to axon initial
segments and nodes of Ranvier. Dysfunction in βIV-spectrin leads to
aberrant membrane protein targeting, cell and animal phenotypes,

and early death (6, 7). Despite these striking findings in brain, the
role of βIV-spectrin in pancreatic islets is unknown.
Here, we define a role for βIV-spectrin in regulating membrane

excitability in islets. βIV-spectrin directly associates with ankyrin-
B and Ca2+/calmodulin-dependent protein kinase II (CaMKII).
We define the structural requirements for these interactions and
show that βIV-spectrin associates with additional islet proteins,
including actin and the ATP sensitive potassium channel (KATP
channel). Notably, βIV-spectrin mutant mice that lack ankyrin- or
CaMKII-binding activity display coordinate loss of ankyrin, KATP
channel, and CaMKII expression and targeting. Finally, we
demonstrate that βIV-spectrin is critical for CaMKII-dependent
regulation of the KATP channel through Kir6.2 residue T224 and
show that Kir6.2 T224 phosphorylation is altered in βIV-spectrin
mutant mice. In summary, our findings provide initial insight into
the role of βIV-spectrin in the expression, targeting, and regula-
tion of critical membrane and signaling proteins in islets.

Results
βIV-Spectrin Associates with CaMKII in Pancreas. βIV-Spectrin con-
tains an N-terminal actin-binding domain, a series of 17 spectrin
repeats, and a C-terminal domain (Fig. 1A). The C-terminal
domain contains a conserved motif harboring high homology to
the autoregulatory domain of Ca2+/calmodulin-dependent protein
kinase II (CaMKII), a site necessary for CaMKII intramolecular
interaction (Fig. 1B) (8). This motif is present in a handful of
CaMKII-associated proteins including the L-type Ca2+ channel
beta subunit (β2a) and the NR2B receptor (9). Given the lack of
data on βIV-spectrin function in the islet, we hypothesized that βIV-
spectrin may function in the pancreas to control CaMKII targeting
and expression, similar to observed roles in myocytes (10).
We confirmed βIV-spectrin mRNA and protein expression in

the murine pancreas. Indeed, consistent with the only published
data on pancreatic βIV-spectrin (3), βIV-spectrin is found in
pancreas (Fig. 1C) and expressed in islets by immunoblot and
immunostaining (Fig. 1D and Fig. 2A). In contrast, we observed
minimal βIV-spectrin immunostaining in exocrine acinar cells
surrounding the islet (Fig. 1D). Like βIV-spectrin, we observed
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expression of the CaMKII isoform δ within the murine islet (Fig.
1 E and J).
We tested a potential βIV-spectrin/CaMKII interaction in

pancreas using radiolabeled protein and purified mouse pan-
creatic islet lysate. βIV-Spectrin directly associates with CaMKIIδ
in vitro, determined using a peptide that corresponds to the
putative CaMKII-binding motif in the βIV-spectrin C-terminal
domain (CTP-P). CTP-P, but not beads alone nor CTP-C (βIV-
spectrin C-terminal scrambled control peptide), bound radio-
labeled CaMKIIδ (Fig. 1H) and endogenous CaMKIIδ from
isolated pancreatic islets or whole pancreas (Fig. 1 I and J).
Furthermore, βIV-spectrin Ig, but neither control Ig nor beads
alone, was able to immunoprecipitate with CaMKIIδ from pan-
creas and pancreatic islet cell lysates (Figs. 1K and 2A). Together,

these data support a βIV-spectrin/CaMKIIδ interaction in pan-
creatic islets via a C-terminal domain in βIV-spectrin.

Identification of βIV-Spectrin– and Ankyrin-B–Associated Proteins in
Islets. β-Spectrin polypeptides associate with ankyrin proteins
through a conserved binding motif in the β-spectrin 15th spectrin
repeat (11). Ankyrin-B (AnkB) is present within the islet and
necessary for the targeting and expression of the ATP-sensitive
potassium channel (KATP) (12) and inositol 1,4,5 trisphosphate
(IP3) receptor (13). Human mutations in Kir6.2 (KATP channel
α-subunit) that block binding with AnkB are associated with
neonatal diabetes mellitus (12, 14), although these variants may
also affect KATP Kir6.2/SUR1 subunit coupling (15). Consistent
with βIV-spectrin localization, AnkB and Kir6.2 are highly

Fig. 1. βIV-Spectrin is a CaMKII-binding partner in the pancreatic islet. (A
and B) βIV-Spectrin has an N-terminal actin-binding domain (NTD), 17 spec-
trin repeats, and a specific/C-terminal domain (SD/CTD). The CaMKII-binding
site is denoted by an arrow that is homologous to the CaMKII autoreg-
ulatory domain motif in all CaMKII genes and conserved across species (red
font). (C) βIV-Spectrin mRNA expression in mouse cerebellum and pancreas.
Immunostaining of mouse islets for (D) βIV-spectrin, (E) CaMKIIδ, (F) AnkB,
and (G) Kir6.2. Sections were colabeled to denote nuclei (DAPI) and beta cells
(insulin Ig). (Scale bar, 10 μm.) (H) CTP-P (peptide homologous to the CaMKII-
binding motif of βIV-spectrin) directly binds radiolabeled CaMKIIδ (35Met-
CaMKIIδ) in pull-down experiments. No appreciable binding was observed
with beads or control CTP-C (control scrambled) peptide. (I and J) CTP-P
peptide associates with endogenous CaMKIIδ from whole pancreas (I) and
pancreatic islet lysate (J) in pull-down experiments. We observed no binding
with beads alone or the control CTP-C peptide. (K) βIV-Spectrin Ig immuno-
precipitates endogenous pancreatic CaMKIIδ, with no binding observed with
control Ig or beads alone.

Fig. 2. βIV-Spectrin–associated proteins in pancreatic islets. (A) βIV-Spectrin
associates with AnkB, Kir6.2, SUR1, CaMKIIδ, and actin from pancreatic islet
lysate by coimmunoprecipitation. (B and C) Structure of βIV-spectrin and βIV-
spectrin GST-fusion constructs used in pull-down experiments from de-
tergent-soluble pancreas lysates. (D) Whereas CaMKIIδ associates only with
βIV-spectrin fusion constructs containing the distal C-terminal CaMKII bind-
ing motif in islet lysates, βIV-spectrin–dependent association with AnkB,
Kir6.2, and SUR1 requires residues 1620–2218 (includes 15th spectrin repeat).
βIV-Spectrin 1–699 was the only construct to copurify with actin from islet
lysates. We observed no interaction of either CaMKIIδ or AnkB with N-terminal
GST–βIV-spectrin fusion construct.
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expressed in the islet where the KATP channel regulates cellular
excitability and insulin secretion (Fig. 1 F and G). Moreover,
AnkB and βIV-spectrin associate from purified islet lysates by
coimmunoprecipitation (Fig. 2A). In addition to ankyrin-B, we
also observed CaMKIIδ, Kir6.2, and SUR1 (KATP channel sub-
unit) in βIV-spectrin coimmunoprecipitation experiments (Fig. 2A).

Defining the Structural Requirements for βIV-Spectrin Binding for
CaMKII and AnkB. We constructed a series of βIV-spectrin GST-
fusion proteins containing key regions of the molecule to define
the structural requirements for βIV-spectrin association with
CaMKII and AnkB (Fig. 2 B and C). Consistent with peptide
pull-down experiments, a βIV-spectrin fusion protein containing
the full C terminus (residues 1620–2565) associated with CaMKIIδ
from islets (Fig. 2D and Fig. S1). In contrast, fusion proteins
lacking the putative CaMKII-association motif (residues 1620–
2218 and 2015–2218) did not bind islet CaMKIIδ (Fig. 2D). We
observed no CaMKII-binding activity for a control βIV-spectrin
N-terminal fusion protein (residues 1–699; Fig. 2D). On the
other hand, C-terminal βIV-spectrin GST-fusion proteins con-
taining residues 1620–2218 and 1620–2565 displayed robust
AnkB-binding activity, whereas truncation of the fusion proximal
to spectrin repeat 16 (residues 2015–2218) resulted in loss of
AnkB-binding activity (Fig. 2D). We previously demonstrated
that AnkB directly associates with Kir6.2 (12, 16) and AnkB/
SUR1 interactions require Kir6.2 (Fig. S2). Consistent with these
data, C-terminal βIV-spectrin 1620–2218 and 1620–2565 dis-
played binding activity for Kir6.2 and SUR1, but residues 2015–
2218 lacked ability to associate with Kir6.2 or SUR1 (Fig. 2D).
We observed no binding of the βIV-spectrin N terminus to
CaMKII, AnkB, Kir6.2, or SUR1; however, as expected, this
domain associated with actin (Fig. 2D). Our results support
a model where βIV-spectrin associates with actin, AnkB, and
CaMKIIδ through its N terminus, central spectrin repeat do-
main, and C terminus, respectively.

βIV-Spectrin Mutant Mice Display Select Loss of CaMKII and Ankyrin
Binding. Nearly 60 y ago, a spontaneous line of “quivering” (qv)
mice was identified that displayed severe ataxia, hind-limb pa-
ralysis, deafness, and tremor (7). Subsequent studies identified
specific mutations across the murine βIV-spectrin gene, resulting
in the qv mouse phenotypes. These in vivo models have proved
critical in defining the roles of βIV-spectrin function in physiology
and disease (7). To test the role of βIV-spectrin in islet channel
and signaling molecule expression and targeting, we used qv
mouse lines harboring mutations that selectively alter AnkB
(qv4J) and CaMKII association (qv3J; Fig. S3A). We coimmuno-
precipitated CaMKIIδ, AnkB, Kir6.2, SUR1, and actin with βIV-
spectrin from wild-type (WT) mouse islet lysates (Fig. S3B).
Likewise, parallel AnkB Ig coimmunoprecipitations revealed
βIV-spectrin, CaMKIIδ, Kir6.2, and SUR1 as AnkB-associated
proteins (Fig. S3C). We observed loss of CaMKIIδ association,
but not AnkB, Kir6.2, or SUR1, with βIV-spectrin in islet lysates
from the qv3J mouse lacking spectrin/CaMKII interaction (Fig.
S3 B and C); however, as noted in the next section, CaMKII
protein levels are decreased in qv3J and qv4J islets, so coimmu-
noprecipitation inputs were adjusted to compensate for differ-
ences in protein expression (SIMaterials andMethods). Additionally,
CaMKIIδ immunoprecipitated with AnkB Ig in WT, but not qv3J
islets (Fig. S3C). In qv4Jmice lacking the ankyrin-binding domain,
we observed loss of βIV-spectrin association with AnkB, Kir6.2,
and SUR1, as well as inability of AnkB to associate with CaMKIIδ
(Fig. S3 B and C). Finally, AnkB interactions with Kir6.2
and SUR1 were independent of βIV-spectrin or actin as AnkB
Ig coimmunoprecipitated both Kir6.2 and SUR1 in qv4J islet
lysates (Fig. S3C).

βIV-Spectrin Is Required for CaMKII Expression and Localization.
Based on our data, we hypothesized that βIV-spectrin regulates
CaMKII posttranslational expression and targeting. We assessed
the requirement of βIV-spectrin for CaMKII expression and

targeting in WT, qv3J, and qv4J beta cells. As expected, βIV-
spectrin was expressed throughout the cytosol of WT, qv3J, and
qv4J beta cells (Fig. 3A). AnkB expression was present within
both WT and qv3J beta cells, but consistent with the qv4J muta-
tion lacking ankyrin-binding activity, we observed reduced and
diffuse staining of AnkB in qv4J beta cells (Fig. 3B). In parallel
with its dependence on AnkB for targeting, Kir6.2 (and SUR1)
expression (expressed throughout cytosol) was significantly re-
duced in qv4J beta cells compared with WT, but not in qv3J islets
(Fig. 3 C and E). Finally we observed loss of CaMKIIδ expres-
sion in both qv3J and qv4J beta cells (Fig. 3D). Immunoblots
confirmed significantly reduced CaMKIIδ expression in islet
lysates from both qv3J and qv4J models (Fig. 3F). βIV-spectrin may
regulate the posttranscriptional stability of CaMKIIδ, as
CaMKIIδ mRNA levels were unchanged between WT, qv3J, and
qv4J mouse islets (Fig. S4). Alternatively, other cell or molecular
mechanisms such as reduced CaMKII translation may underlie
reduced expression of CaMKII in qv3J and qv4J islets.

CaMKII Regulates KATP Channel Function. CaMKII activity has been
linked with regulation of KATP channel function, albeit indirectly
(17). We hypothesized that CaMKII may directly phosphorylate
KATP channels via Kir6.2. We analyzed the primary amino acid
sequence of Kir6.2 for putative CaMKII phosphorylation sites
(using consensus sequence [RXXS/T]). Three putative CaMKII
phosphorylation sites were identified: S37, T224, and S372 (Fig.
4A) and site-directed mutagenesis was used to substitute an al-
anine at each site. To determine if these mutants altered Kir6.2
function, we analyzed the activity of WT Kir6.2 (with SUR1) and
mutant channels in COSm6 cultured cells that lack significant
IKATP. Transfected cells were evaluated in the absence and
presence of a constitutively active CaMKII (CaMKIIδ T286D).
Cells expressing WT Kir6.2 showed significant decrease in IKATP
when expressed with active CaMKII, as did Kir6.2 S37A and
Kir6.2 S372A (Fig. 4 B, C, and E). However, cells transfected
with Kir6.2 T224A showed no significant decrease in IKATP in the
presence of active CaMKII (Fig. 4 D and G). Notably, when
T224 was substituted with a glutamic acid to create a phospho-
mimetic (Kir6.2 T224E), we observed a significant decrease in
KATP channel current at baseline (compared with WT Kir6.2),
even in the absence of CaMKIIδ overexpression (Fig. 4 F
and G).
To further analyze this site as a potential CaMKII target, we

performed in vitro phosphorylation assays on WT and Kir6.2
T224 mutant proteins. Whereas β2a, a known CaMKII phos-
phorylation target and WT Kir6.2 were phosphorylated in vitro
by CaMKII, Kir6.2-T224A and Kir6.2-T224E showed no signif-
icant CaMKII-mediated phosphorylation (Fig. 4H). Together,
these data strongly support the role of CaMKII direct phos-
phorylation, demonstrate that this phosphorylation is at least in
part direct, and implicate Kir6.2 T224 as a CaMKII target site in
this pathway.

CaMKII Regulates Kir6.2 by Phosphorylation of Kir6.2 T224. We cre-
ated an affinity-purified phospho-specific antibody against Kir6.2
pT224 to evaluate the role of the βIV-spectrin/CaMKII pathway
for KATP regulation in pancreas. The specificity of the antibody
for the Kir6.2 pT224 site was confirmed by immunoblots that
detected GFP-Kir6.2 from transfected cells, but not Kir6.2
T224A or Kir6.2 T224E (Fig. S5).
We evaluated Kir6.2 pT224 Ig in INS-1 cells, a rat insulinoma

cell line commonly used to evaluate Kir6.2 and insulin secretion.
Cells were analyzed for Kir6.2 pT224 ± isoproterenol (1 μM) to
stimulate CaMKII activity. Notably, we observed nearly a four-
fold increase in Kir6.2 pT224 [and twofold increase in activated
CaMKII (CaMKII pT286)] in isoproterenol (Iso)-treated cells
compared with untreated cells, whereas we observed no differ-
ence in total Kir6.2 or SUR1 levels (Fig. 5 A and B). To de-
termine whether this activation required CaMKII, we performed
parallel experiments in the presence of the CaMKII inhibitor,
autocamtide-2–related inhibitory peptide (AIP). In support of
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a role of CaMKII in regulation of Kir6.2 pT224, AIP blocked both
CaMKII pT286 and Kir6.2 pT224 activation (Fig. 5 A and B).
Consistent with (i) a role for βIV-spectrin in CaMKII regula-

tion and (ii) a role for CaMKII in the direct regulation of Kir6.2
in vivo T224, Kir6.2 pT224 associated with βIV-spectrin and
AnkB in coimmunoprecipitation experiments from WT, but not
qv3J or qv4J, pancreatic islet lysates (Fig. 5 C and D). Further, we
observed decreased levels of Kir6.2 pT224 in qv3J and qv4J pan-
creatic islet lysates (Fig. 5 E and F) compared with WT islets. In
agreement with immunostaining data, we observed decreased
Kir6.2 and SUR1 levels in qv4J, but not qv3J islets (Fig. 5 E and
F). Finally, staining of pancreatic islets revealed similar results,
namely, a significant decrease in Kir6.2 pT224 expression in islets
from qv3J mice compared with WT mice (Fig. S6). These data
support the hypothesis that βIV-spectrin is critical for the regu-
lation of KATP channel activity through direct CaMKII phos-
phorylation of Kir6.2.

Discussion
The KATP channel is a vital component in the regulation of in-
sulin secretion, with mutations resulting in diabetes mellitus or
hyperinsulinemia (18). However, little progress has been made
regarding the posttranslational modification of the KATP chan-
nel. βIV-spectrin is a multifunctional regulatory protein for KATP
channels in the islet. Using mutant βIV-spectrin mouse models,
we determined that βIV-spectrin is necessary for the expression
and targeting of select structural and regulatory proteins in the
islet. For example, our data show that βIV-spectrin is critical for
expression of the CaMKIIδ polypeptide in islets. Thus, βIV-
spectrin fails to coimmunoprecipitate with CaMKIIδ in qv3J islets

(Fig. S3) due to both its inability to associate with CaMKIIδ (Fig.
2 C and D) and the reduced steady-state levels of CaMKIIδ
polypeptide in the qv3J lysate (Fig. 3). Additionally, we identified
a regulatory mechanism for KATP channels: direct phosphorylation
of Kir6.2 T224 by CaMKII. Specifically, Kir6.2 T224 phosphory-
lation results in a significant decrease in IKATP. Finally, using an
antibody that specifically recognizes the phosphorylated form
of Kir6.2 T224, we demonstrated that qv3J and qv4J islets lack
phosphorylated Kir6.2 T224, as well as CaMKIIδ. Collectively, our
data define CaMKII as a membrane skeleton component in the
pancreatic islet and βIV-spectrin/AnkB as a necessary molecular
platform for KATP channel regulation. As discussed below, future
experiments to evaluate Kir6.2 T224 phosphorylation status in
human and animal models of diabetes/metabolic disease will be
important to assess the potential of this target site as a biomarker in
the early progression of disease. Further, whereas our data dem-
onstrate that βIV-spectrin associates with CaMKII, ankyrin-B, actin,
Kir6.2, and SUR1 in islets, these results do not necessarily support
that these proteins reside in a single macromolecular complex.
Future experiments to validate a single macromolecular complex
would include expanded coimmunoprecipitation studies that (i)
verify that antibodies against each of the proteins in the putative
complex recovers each of the other components and (ii) demon-
strate that recovery of one of the components of the putative
complex is prevented in the absence of one of the other molecules.
Whereas this study addresses the specific role of Kir6.2/SUR1

in the islet, KATP channels are widely distributed in the central
and peripheral nervous system, pituitary, cardiac muscle, smooth
muscle, and skeletal muscle (18, 19) where they regulate such
diverse physiological functions as neuronal excitability, hormone

Fig. 3. βIV-Spectrin is required for CaMKIIδ, AnkB, Kir6.2, and SUR1 expression in beta cells. (A) WT, qv3J, and qv4J beta cells express βIV-spectrin [red; colabeled
with DAPI (blue) and insulin (green)]. (B, C, and E) Whereas expressed in WT and qv3J beta cells, AnkB, Kir6.2, and SUR1 expression is decreased in qv4J islets.
(D) Whereas concentrated in WT beta cells, CaMKIIδ expression is reduced in the qv3J and qv4J mouse beta cells. (Scale bar, 10 μm.) (F) CaMKIIδ protein levels
are significantly decreased in qv3J and qv4J islet lysates (n = 4 mice, P < 0.05), whereas CaMKIIδ mRNA levels are unchanged (Fig. S4).

Kline et al. PNAS | October 22, 2013 | vol. 110 | no. 43 | 17579

PH
YS

IO
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1314195110/-/DCSupplemental/pnas.201314195SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1314195110/-/DCSupplemental/pnas.201314195SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1314195110/-/DCSupplemental/pnas.201314195SI.pdf?targetid=nameddest=SF4


secretion, vascular tone, heart rate, and protection of cells against
metabolic stress (18). Notably, human KCNJ11 gene variants re-
sult in developmental delay, epilepsy, and neonatal diabetes
(DEND) due to overactive KATP channels in muscle, peripheral
nerves, and brain.
In heart, KATP channels serve a protective role by activating

under metabolic stress and leading to a shortening of the action
potential. To this end, KATP channels serve as protectors against
cardiac maladaptation to stress, as indicated by hearts deficient in
KATP channels being more susceptible to Ca2+-dependent mal-
adaptive remodeling, progressing to organ failure and death.
Whereas KCNJ11 polymorphisms have been associated with car-
diac disease, no clear gene mutations have been directly linked
with severe forms of arrhythmia or myopathy to date.
In addition to regulation by intracellular nucleotides, KATP

channel activity, and consequently its physiological function, can

be modified by protein phosphorylation. For example, CaMKII
activity has been linked with KATP channel regulation in heart
and brain (17, 20). KATP channels are also modulated by cAMP-
dependent protein kinase (PKA) (21), Ca2+/phospholipid-
dependent protein kinase (PKC) (22), extracellular signal-regulated
kinase (ERK) (23), and cGMP-dependent protein kinase (PKG)
(24). Prior work from Jan and coworkers identified Kir6.2 T224
as a site for PKA-dependent phosphorylation in HEK293 cells
(25). Likely, both CaMKII and PKA will have functional roles
on Kir6.2 regulation in vivo, although our data demonstrate that
CaMKII inhibition is sufficient to ameliorate Kir6.2 pT224 phos-
phorylation in isoproterenol-treated INS1 cells.
Whereas our findings identify βIV-spectrin as a component in

the regulation of KATP channel activity in the islet, they also raise
many questions regarding the specific role of CaMKII-mediated
phosphorylation. There is a growing body of evidence from en-
zyme activation studies in support of a role for CaMKII in insulin
secretion. Specifically, there is a correlation between CaMKII
activation with glucose-stimulated insulin secretion in rat islets
(26). CaMKII activation in the beta cell has been linked to
phosphorylation of proteins that are involved in secretory events,
namely, microtubule-associated protein-2 and synapsin I. Whereas
the phosphorylation of proteins involved in granule exocytosis
has been identified, little work has been performed to define
a role for CaMKII in the regulation of beta cell ion channel
function. Previous studies have demonstrated that suppression of
cardiac CaMKII, via the transgenic expression of a CaMKII in-
hibitor, results in an augmentation of KATP-dependent current
(17). We have found that expression of an active form of
CaMKII produces a significant decrease in IKATP in a heterolo-
gous expression system, suggesting that CaMKII-mediated phos-
phorylation of the KATP channel results in a decrease in

Fig. 4. CaMKII regulates KATP channel function. (A) Kir6.2 with AnkB-
binding site denoted at Kir6.2 E322. Image denotes three putative
CaMKII-phosphorylation sites: S37, T224, and S372. (B) COSm6 cells
transfected with Kir6.2/CaMKII T286D demonstrate a significant re-
duction in IKATP, compared with control, ±ATP (25 μM). Likewise, we
observed significant reductions in IKATP in cells transfected with CaMKII
T286D and Kir6.2 S37A (C ) and Kir6.2 S372A (E ), ±25 μM ATP. We ob-
served no significant change in IKATP in cells transfected with CaMKII
T286D/Kir6.2 T224A, ±25 μM ATP (D). (F) Finally, transfection with CaMKII
T286D/Kir6.2 T224E (phosphomimetic) demonstrates a significant reduc-
tion in IKATP compared with control, but no significant difference with and
without ATP administration. (G) Summary of functional IKATP data (n > 7
cells per treatment; P < 0.05). (H) Purified and immobilized Kir6.2, Kir6.2
T224A, and Kir6.2 T224E were assessed for CaMKII-mediated phosphory-
lation in vitro. Control (β2a) and Kir6.2 showed robust CaMKII-mediated
phosphorylation. There was significantly reduced phosphorylation of
Kir6.2 T224A and Kir6.2 T224E.

Fig. 5. CaMKII regulates Kir6.2 by direct phosphorylation of Kir6.2 T224. (A
and B) INS-1 display an increase in Kir6.2 pT224 and CaMKII pT286 expression
when stimulated with isoproterenol (n = 3 per treatment, P < 0.05). CaMKII
inhibitor AIP (Iso + AIP) blocked CaMKII T286 and Kir6.2 T224 phosphory-
lation (n = 3 per treatment, NS vs. control). (C and D) AnkB and βIV-spectrin
associate with Kir6.2 pT224 in WT, but not qv3J or qv4J pancreatic islet
lysates. (E and F) Kir6.2 pT224 levels are decreased in qv3J and qv4J pancreatic
islet lysates. Expression presented relative to GAPDH expression (n = 3 per
treatment, P < 0.05). In F, expression is normalized to GAPDH and compared
with WT levels.
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IKATP, whereas inhibition of CaMKII results in an increase in
IKATP. Two interesting questions for future evaluation are raised
based on this finding. First, what is the physiological conse-
quence of CaMKII-mediated phosphorylation of pancreatic
KATP channels? CaMKII-dependent regulation of KATP chan-
nels may play multiple roles in KATP channel targeting, KATP
channel plasma membrane density, and KATP channel bio-
physical regulation. Studies in heart have demonstrated that
suppression of CaMKII activity results in an augmentation of
IKATP due to a change in sarcolemmal KATP channel density
(17). Future studies to discern specific consequences of CaMKII-
mediated KATP channel phosphorylation (i.e., single channel
kinetics, ATP sensitivity, and/or plasma membrane density/sta-
bility) will be important to provide insight into the specific roles
of CaMKII in beta cell KATP channel modulation and potential
regulation of insulin secretion. As noted above, CaMKII-medi-
ated phosphorylation of the KATP channel results in a decrease
in IKATP, therefore we hypothesize CaMKII activation to de-
crease glucose-stimulated insulin secretion. Considering that
previous studies have shown a direct relationship between the
activation of pancreatic CaMKII and glucose-stimulated insulin
secretion, it will be important to eventually evaluate glucose-
stimulated insulin secretion in qv3J and qv4J mice that have dis-
rupted βIV-spectrin–mediated CaMKII expression and localiza-
tion. However, for these studies, it will be important to consider
the inherent physiological differences for insulin regulation in
mice vs. humans (i.e., Kir6.2 null mice do not display hypogly-
cemia, but display increased insulin sensitivity and low insulin
levels). It will be interesting to evaluate the effect of CaMKII
inhibition on KATP channel ATP sensitivity, which represents a
critical factor in KATP channel regulation. Second, what is the
localization of KATP channel populations targeted by CaMKII?
Whereas we and others have observed Kir6.2 and SUR1 across
the beta cell (immunostaining throughout cytosol and mem-
brane, Figs. 1 and 3), KATP channel subunits have also been
observed at the insulin granule (27). Compared with the HEK
cell or cardiomyocyte, the pancreatic beta cell is small with few
well-defined membrane features. Therefore, future experiments
using high-resolution double immunogold labeling of the beta

cell for CaMKII and KATP channel subunits will be necessary to
resolve this issue. In fact, beyond CaMKII and KATP channel
subunits, our data demonstrate multiple heterogeneous sub-
populations of spectrin and ankyrin in beta cells (with or
without colocalization with insulin). It will be interesting for
future studies to define the specific localization, molecular
identities, and functions of these subpopulations.
In summary, our findings demonstrate a role for βIV-spectrin

in the targeting and expression of CaMKII in the pancreatic islet.
Further, the direct coupling of βIV-spectrin to AnkB potentially
localizes KATP channel subunits in immediate proximity with
CaMKII for direct Kir6.2 phosphorylation (Kir6.2 T224). We
predict that these proteins play key roles in vertebrate excitable
cell physiology, although this regulation is likely complex. For
example, we previously demonstrated that a human Kir6.2
E322K permanent neonatal diabetes mutation that blocks AnkB
association is associated with both defects in membrane traf-
ficking and Kir6.2 membrane biophysical activity (12). However,
Tarasov et al. found that this site may also be involved in coupling
Kir6.2 regulation with SUR1 (15), and individuals with the
KCNJ11 E322K mutation respond to sulfonylurea treatment.
Whereas additional data will be necessary to define the mecha-
nisms underlying the regulation of these proteins at baseline and
in disease, these findings ultimately support the clear in vivo roles
of the cytoskeleton and cytoskeletal-associated proteins in the
regulation of excitable cell function.

Materials and Methods
Kir6.2 mutants (S37A, S37E, T224A, T224E, S372A, and S372E) were gener-
ated using the Stratagene QuikChange site-directed mutagenesis kit, man-
ufacturer’s protocols, and unique primers.

Additional materials and methods are found in SI Materials and Methods.
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