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Background: K, channels are abundantly expressed in cardiac myocytes.

Results: K, p channels interact with desmosomal proteins and localize to the intercalated disk.
Conclusion: K, rp channels are heterogeneously expressed within a cardiac myocyte.
Significance: K, channels may have role at the intercellular junctions during cardiac ischemia.

Ventricular ATP-sensitive potassium (K,rp) channels link
intracellular energy metabolism to membrane excitability and
contractility. Our recent proteomics experiments identified pla-
koglobin and plakophilin-2 (PKP2) as putative K,p channel-
associated proteins. We investigated whether the association of
K, 1p channel subunits with junctional proteins translates to
heterogeneous subcellular distribution within a cardiac myo-
cyte. Co-immunoprecipitation experiments confirmed physical
interaction between K, channels and PKP2 and plakoglobin
in rat heart. Immunolocalization experiments demonstrated
that K, p channel subunits (Kir6.2 and SUR2A) are expressed at
a higher density at the intercalated disk in mouse and rat hearts,
where they co-localized with PKP2 and plakoglobin. Super-res-
olution microscopy demonstrate that K,p channels are clus-
tered within nanometer distances from junctional proteins. The
local K,rp channel density, recorded in excised inside-out
patches, was larger at the cell end when compared with local
currents recorded from the cell center. The K, channel uni-
tary conductance, block by MgATP and activation by MgADP,
did not differ between these two locations. Whole cell K, 1p
channel current density (activated by metabolic inhibition) was
~40% smaller in myocytes from mice haploinsufficient for
PKP2. Experiments with excised patches demonstrated that the
regional heterogeneity of K, ;1 channels was absent in the PKP2
deficient mice, but the K,p channel unitary conductance and
nucleotide sensitivities remained unaltered. Our data demon-
strate heterogeneity of K, 1 channel distribution within a car-
diac myocyte. The higher K,p channel density at the interca-
lated disk implies a possible role at the intercellular junctions
during cardiac ischemia.
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The cardiac myocyte is a highly polarized cell. The end to end
connection between cardiomyocytes, called the intercalated
disk (ICD),? includes three distinct junctional complexes: adhe-
rens junctions, desmosomes, and gap junctions, as well as a
“mixed” structure dubbed the area composite (1). Junctional
proteins, which are concentrated at the ICD, are responsible
for integrating structural information and communication
between myocytes. Desmosomes and adherens junctions are
best known for their role in mediating mechanical coupling
between cells, but there is a growing appreciation for the inte-
grated nature of junctional complexes and for how aberrant
cell-cell coupling, mediated through any of these junctional
complexes, leads to cardiomyopathies and arrhythmia risk. For
example, mutations in desmosomal proteins are linked to the
heart muscle disorder known as arrhythmogenic cardiomyop-
athy (AC), characterized by fibrofatty infiltration, sustained
ventricular tachycardia, and sudden cardiac death (2). Almost
half of the AC patients carry a mutation in one of the five genes
encoding desmosomal proteins expressed in the heart. Mice
deficient of plakoglobin (PG) recapitulate many features of AC
(2). At first sight, it is difficult to visualize the functional rela-
tionship between a structural element (the desmosome) and
electrical events (arrhythmias). Recent data have helped to clar-
ify the picture with the demonstration that some ion channels,
such as the Na™* channel and some K* channels (including
Kv1.5 and Kir2.1), are enriched at the ICD (3-5). Moreover,
there is growing evidence for interaction between desmosomal
proteins and certain ion channels and that disruption of the
desmosomal complex affects the function of these channels
4, 6,7).

The role of ATP-sensitive K* (K, 1p) channel in metabolo-
electrical coupling, defined as the relationship between intra-
cellular energy metabolism and membrane excitability, is well
described. Decreases in cellular ATP levels and elevated levels
of ADP and AMP increase their open probability with resulting

3 The abbreviations used are: ICD, intercalated disk; PG, plakoglobin; PKP,
plakophilin-2; AC, arrhythmogenic cardiomyopathy; DP, desmoplakin;
STORM, stochastic optical reconstruction microscopy; dSTORM, direct
STORM; DNP, dinitrophenol; AnkG, ankyrin G.
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physiological consequences that include the regulation of insu-
lin release from pancreatic (3-cells, vasodilation, changes in
neuronal excitability, and control of neurotransmitter release.
Sarcolemmal K, -, channels consist of pore-forming Kir6 sub-
units, which obligatory assemble with regulatory SUR subunits
(8). The Kir6 subunits (Kir6.1 and Kir6.2) determine the bio-
physical properties and nucleotide sensitivities of K, chan-
nels. The SUR subunits (SUR1 and the two SUR2 splice vari-
ants, eg, SUR2A and SUR2B) fine-tune the nucleotide
sensitivity and confer unique pharmacological specificities (8).
Although the cardiac K, 1p channel has long been considered to
be composed of Kir6.2/SUR2A combination, recent data dem-
onstrate cardiac diversity, for example with a role for SUR1 in
the atrium (9) and SUR2B in the specialized cardiac conduction
system (10). A physiological role recently assigned to K,p
channels in heart muscle is to regulate the action potential
duration adaptation in response to elevated heart rates during
exercise (11). A protective role of K, rp channels against stress
is also well documented (12, 13). A common implicit assump-
tion is that sarcolemmal K1, channels are uniformly and stat-
ically expressed on the surface of cardiac myocytes. Our data,
presented here, demonstrate nonuniform expression of K,1p
channels in cardiomyocytes with a pool of K, 1, channels
enriched at the ICD of cardiac myocytes.

EXPERIMENTAL PROCEDURES

Animals—The investigation conformed to the U.S. National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. Animal procedures were approved by the New York
University Institutional Animal Care and Use Committee. We
used adult male Sprague-Dawley rats (250-300 g; Charles
River, Wilmington, MA), PKP2 (+/—) deficient mice (male,
4 -5 months old) and their wild-type littermates (6). Ventricu-
lar myocytes were isolated enzymatically as described previ-
ously (14).

Membrane Preparations, Co-immunoprecipitation Assays,
and Immunoblotting—Membrane fractions from cardiomyo-
cytes were prepared, and co-immunoprecipitation experiments
were performed using a previously described method (14).

Immunostaining—Immunohistochemistry was performed
using methods adapted from previously described protocols
(14, 15). Rat heart cryosections (6 um) were dried, washed with
PBS, and post-fixed in 4% paraformaldehyde for 10 min. Fol-
lowing permeabilization with a blocking solution (20% serum
and 0.1% Triton X-100 in PBS) for 30 min, primary antibodies
were applied 1-2 h at room temperature. After washing with
PBS, secondary antibodies and DAPI were applied. Coverslips
were mounted, and images were obtained using a laser scanning
confocal microscope. Images were analyzed using Image],
which was also used to calculate Manders’ co-localization coef-
ficients (with Costes’ automatic thresholding) using the JACoP
plugin (16).

Super-resolution Microscopy—A modified staining protocol
was used, optimized based on direct-STROM where the imag-
ing buffer is supplemented with a reducing agent to promote
blinking (17). Myocytes were first permeabilized with 1% Tri-
ton X-100 in PBS for 10 min and blocked for 30 min with solu-
tion containing 2% glycine, 2% BSA, 0.2% gelatin, and 50 mm
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NH,Cl in PBS. Primary and secondary antibodies, conjugated
to Alexa fluorophores, were diluted in the blocking solution and
incubated for overnight at 4 °C and for 1 h at room temperature,
respectively. Super-resolution imaging was done using a cus-
tom-built fluorescence microscope (Leica DMI3000) config-
ured for total internal fluorescence and highly inclined excita-
tion modes. Super-resolved images were constructed at 10
nm/pixel using the QuickPALM Image] plugin (18) and a map-
ping procedure written in IDL (Exelis Visual Information
Solutions).

Antibodies Used—We used the following antibodies against
K,rp channel subunits: rabbit anti-Kir6.2 (Lee62; obtained
from Dr. Hon-chi Lee, Mayo Clinic, MN), rabbit anti-Kir6.2
(W62b), chicken anti-Kir6.2 (C62(14)), goat anti-SUR2A
(M-19, Santa Cruz), mouse anti-SUR2A (N319A, clone 14,
Neuromab), and rabbit or chicken anti-SUR1 (RSUR1 or
CSUR1). Antibodies used against desmosomal proteins
included rabbit polyclonal anti-plakophilin-2 (ab74671;
Abcam), mouse monoclonal anti-plakophilin-2 (K44262M; Life
Science, Inc.), mouse monoclonal anti-plakoglobin (610254,
BD Biosciences), mouse anti-N-cadherin (610920; BD Trans-
duction Laboratories), mouse anti-ankyrin G (N106/36; Neu-
roMab), mouse anti-desmoplakin, rabbit anti-connexin43
(C6219; Sigma), rabbit anti-Kir2.1 (Alomone), rabbit anti-
Kv4.2 (Sigma), and mouse anti-GAPDH (MAB374; Millipore).
Secondary antibodies used were donkey anti-mouse-HRP (sc-
2096; Santa Cruz Biotechnology), donkey anti-goat HRP (sc-
2056; Santa Cruz Biotechnology), and goat anti-rabbit-HRP
(sc-2054; Santa Cruz Biotechnology).

Whole Cell and Single Channel Recordings—Patch clamp
recordings were performed as described before (10, 19). Whole
cell current was recorded at a holding potential of —45 mV.
Current-voltage relationships were obtained using a ramp pro-
tocol (5 mV to —100 mV at —25 mV-s™ ', applied every 20 s).
Recordings were not corrected for the liquid junction potential,
calculated to be —5 mV. For isolated patches, pipettes (1.5-3
MQ) when filled with pipette solution: 150 mmol/liter KClI, 2
mmol/liter CaCl,, 1.2 mmol/liter MgCl,, and 10 mmol/liter
HEPES, pH 7.4. The bath solution consisted of 150 mmol/liter
KCl, 1 mmol/liter EGTA, 10 mmol/liter HEPES, and 1.2 mmol/
liter MgCl,, pH 7.2. Unless otherwise indicated, the pipette
potential was +80 mV (membrane potential of —80 mV).
Inward currents are represented as upward deflections in all
figures.

Semiquantitative RT-PCR Analysis—Total RNA was extracted
and reverse transcribed using a mixture of random hexamer prim-
ers, and semi-quantitative real time PCR was performed.

Statistical Analysis—All of the data are shown as the
means = S.E. (n denoting the number of cells), and differences
between groups were determined using appropriate tests as
specified in the text (SigmaStat; Systat Software Inc.), using a p
value of < 0.05. Please see Supplemental text for expanded
Experimental Procedures.

RESULTS

K, rp Channel Subunits Associate with Plakoglobin and
Plakophilin-2—In a recent proteomics screen, we identified
glycolytic enzymes to be well represented in immunoprecipi-
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FIGURE 1. Co-immunoprecipitation of K,;, channel subunits and desmo-
somal proteins in rat heart. Top panel, immunoprecipitates obtained with
antibodies against Kir6.2 and PKP2 (IgG was used as a negative control) were
subjected to SDS-PAGE and immunoblotted with a rabbit anti-PKP-2 anti-
body (1:200). Bottom panel, rat heart membrane immunoprecipitates
obtained with IgG or rabbit anti-Kir6.2 (W62b) antibodies were immuno-
blotted with anti-PG antibodies. The specific bands are indicated by arrows
and were not present in negative control reactions obtained with IgG. IP,
immunoprecipitation; /B, immunoblot.

tates obtained with antibodies against K, p channel subunits
(14). We also identified proteins that may provide hints to the
localization and targeting of K, » channels, including the junc-
tional protein PG and proteins that function in protein subcel-
lular localization/stabilization and trafficking (including B-ac-
tin, tubulin, ARP-1, spectrin, and molecular motors such as
dynein and myosins). In similar experiments (not shown), we
also identified other proteins of the desmosomal complex,
including desmoplakin (DP), desmoglein, and plakophilin-2
(PKP2). We verified interactions between PKP2 and PG with
independent co-immunoprecipitation assays (Fig. 1).

K, rp Channel Subunits Localize to Intercalated Disk Regions—
We previously described the distribution patterns of K,p
channel subunits in rat heart and ventricular myocytes. For
Kir6.2, we described a sarcomeric striated pattern in ventricular
myocytes. Closer inspection of our published images (15, 20),
however, hints at the possibility of stronger staining at the
intercalated disk regions. We therefore repeated this experi-
ment by optimizing the staining/fixation conditions (e.g., post-
fixation was found to provide more robust tissue staining) and
using newer well characterized antibodies (for example using
an anti-Kir6.2 antibody from Dr. Hon-chi Lee). Kir6.2 staining
was evident not only in cell membranes and striations across
the cells, but additionally concentrated at the end to end junc-
tions between cardiac myocytes (the ICD; Fig. 24). We
obtained similar data with other antibodies, including another
anti-Kir6.2 antibody (C62) and a commercial antibody against
SUR2A. Notably, both of these antibodies stained the ICD (evi-
dent in the overlay image). Other antibodies against K , -, chan-
nel subunits also preferentially stained the cardiac intercalated
disk, including a new monoclonal antibody against SUR2A
(N319A, clone 14, NeuroMab; Fig. 2C), which specifically rec-
ognizes SUR2A (see specificity data on the Neuromab web site).
Increased staining of Kir6.2 at cell ends was also observed in
enzymatically isolated rat ventricular myocytes (Fig. 2D). With
prolonged times after cell isolation (6-18 h), the cell ends
became rounded, which was associated with a loss of localiza-
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FIGURE 2. Immunolocalization of Kir6. 2 and SUR2A at the ICD in rat
hearts and isolated ventricular myocytes. A, localization of Kir6.2 using a
rabbit anti-Kir6.2 antibody (Lee-62; 1:300). B, co-staining with a commercial
goat anti-SUR2A antibody (M19; 1:50; green) and with a chicken anti-Kir6.2
antibody (C62; 1:50). The overlay (bottom panel) depicts co-localization as
yellow.The Manders' coefficients are M1 = 0.99 and M2 = 0.98. C, the result of
an immunohistochemistry experiment of a rat heart cryosection when using
a monoclonal anti-SUR2A antibody. D, bright field image and immunocyto-
chemistry performed using isolated rat ventricular myocytes with the chicken
anti-Kir6.2 antibody (C62; 1:50). The arrows indicate higher levels of staining
at the ICD. The scale bars represent 50 wm.

tion of K, - channel subunits and ICD proteins (such as PG) at
the cell ends (supplemental Fig. S1).

K,rp Channel Subunits Co-localize with Desmosomal
Proteins—We next investigated the co-localization of K, p
channels and desmosomal proteins. As expected, antibodies
against PKP2 or PG strongly stained the intercalated regions of
cardiac myocytes (Fig. 3). The subcellular expression of Kir6.2
was more diffuse but was enriched in the cell ends. Moreover,
Kir6.2 staining overlapped with those of PKP2 and PG. Over-
lapping expression of desmosomal proteins with Kir6.2 and
SUR2A was also observed in enzymatically isolated rat ventric-
ular myocytes (not shown). Consistent with the intercalated
disk localization of Kir2.1 (3), we also found this subunit to
co-localize with PG, whereas Kv4.2 did not (supplemental
Fig. S2).

The optical resolution of conventional microscopes is ~200
nm, and proteins that co-localize appear to overlay. Fluores-
cence images produced by stochastic optical reconstruction
microscopy (STORM) allows superior subcellular localization
of proteins and visualization of interacting proteins as adjacent
particles at nanometer resolution (21). Direct STORM
(dSTORM) (22) relies on the reversible photoswitching of fluo-
rophores. A range of conventional dyes can be utilized with a
“switching buffer” that causes cycling between the “on” and
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FIGURE 3. K51p channel subunits co-localize with desmosomal proteins at
the ICD. Top panels, co-staining of a rat heart cryosection with the chicken
anti-Kir6.2 antibody (C62; 1:50; red) and an antibody against PKP2 (1:200;
green). Bottom panels, co-staining of a rat heart cryosection with the chicken
anti-Kir6.2 antibody (C62; 1:50; red) and an antibody against PG (1:300; green).
The panels on the right show the overlay of the green and red. The Manders’
co-localization coefficients (using Costes’ automatic thresholding) respec-
tively are M1 = 0.882 and M2 = 0.996 (top panels) and M1 = 0.717 and M2 =
0.448 (bottom panels). The scale bar represents 50 um.

“off” states (22) and allows an image to be constructed molecule
by molecule, at a resolution approaching that of immuno-EM
microscopy. We examined Kir6.2 and PKP2 localization at the
ICD of an adult cardiac myocyte using total internal fluores-
cence microscopy, which improves the signal to noise ratio by
rejecting out of focus fluorescence, and with dSTORM (Fig. 4).
These images demonstrate clustered K, 1p channels in nano-
meter proximity of junctional proteins at the ICD.

Co-localization with Other ICD Proteins—We investigated
whether K, 1, channels also co-localize with other proteins of
the ICD. Cryosections of rat hearts were co-stained with anti-
bodies against Kir6.2 and N-cadherin, which resulted in strong
co-localization at discrete puncta at the ICD between cells (Fig.
5). As previously reported (23), AnkG staining was observed at
the periphery of the cardiac myocyte, with stronger staining at
the ICD. Kir6.2 also co-localized with AnkG at the ICD. Co-
staining of AnkG and N-cadherin was also observed with anti-
bodies against SUR2A (not shown). Co-localization was also
observed between Kir6.2 and desmoplakin and to a lesser
extent with Cx43. These data suggest the possibility of discrete
structures enriched in K, channels, possibly anchored by
scaffolding proteins.

K, 1p Channel Current Density—We next performed patch
clamp experiments to investigate the possibility that the K, tp
channel current would be higher when recorded from the cell
ends. Measurements were made in the inside-out patch clamp
configuration to record local current densities. The pipette was
either placed near the center of isolated mouse ventricular
myocytes or as close as possible toward the cell end (ICD
region). Following patch excision, the current was recorded at
—80 mV in the absence of ATP. Measurements were made
immediately after patch excision to avoid run-down. Although
there was a large variation in the mean patch current from
patch to patch, the normalized open-state portability of KATP
channel (NPo) was significantly larger when recorded from
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intercalated disk region (Fig. 6A). The averaged mean patch
current was 769 = 108 pA (n = 68, median 455 pA) when
recorded from intercalated disk region compared with 414 =
68 pA (n = 63, median 246pA) in patches obtained near the cell
center. The difference in the median values between the two
groups was greater than would be expected by chance (p <
0.001, Mann-Whitney Rank Sum test). The pipette capaci-
tances were similar between the two groups (1.4 = 0.03 M(),
n = 68 and 1.3 = 0.02 M(), n = 63, respectively, for patches
obtained near the center or ends of myocytes). In separate
experiments, we also recorded K .-, channel currents using the
cell-attached patch clamp configuration before and after met-
abolic inhibition. A similar trend was observed, and currents
recorded at the cell ends tended to be larger than those
recorded near the cell center (Fig. 6E).

K, rp Channel Properties—W'e examined the biophysical and
regulatory properties of K, 1, channels using patch clamping in
the inside-out configuration. The relationship between the uni-
tary current and voltage was weakly inward-rectifying, and
there were no differences between channels recorded near the
cell center or ends (Fig. 6B). When recorded from the cell cen-
ter, the K, rp channel unitary conductance was 77 = 2.6 pS (n =
5) compared with 75 = 1.4 pS (n = 10) for channels recorded
from the cell ends.

We also determined the sensitivity of K, rp channels to intra-
cellular nucleotides. A concentration-response curve for ATP
inhibition was constructed by exposing patches sequentially to
ATP between 3 and 3000 um (Fig. 6C). There was no difference
in the concentrations of ATP producing half-maximal inhibi-
tion (IC5,) when comparing patches obtained from the cell cen-
ter and the intercalated disk regions (the median IC, value was
~14 pMm in each case; Table 1). We also examined the effects of
intracellular MgADP on K, 1, channel activity. For these exper-
iments, channels were partially inhibited by ATP (50 um). ADP
was then applied at an ADP:ATP ratio of 0.1-10 (Fig. 6D).Ven-
tricular K, p channels were stimulated by lower MgADP con-
centrations but inhibited because the ADP concentration was
high. There was no difference in the ADP sensitivity when com-
paring patches obtained from the cell center and the interca-
lated disk regions.

K, ;p Channels in the PKP2 Knock-out Mouse—Given the
physical interaction of K,;p channel subunits with desmo-
somal proteins such as PG and PKP2, we investigated the pos-
sibility that K, rp channel currents may be affected when reduc-
ing expression of desmosomal proteins. For these experiments
we employed heterozygous PKP2 knock-out animals (PKP2 *+
mice) (24), in which PKP2 protein level in the heart is halved (6).
Enzymatically isolated ventricular myocytes from the PKP2
(+/—) mice were subjected to whole cell patch clamping, and
K,1p channel current was activated following application of
dinitrophenol (DNP; 100 um). The current-voltage relation-
ships of the DNP-activated currents are shown in Fig. 7A. The
K,rp channel current density was significantly smaller in the
PKP (*) myocytes. For example, at —10 mV the maximal cur-
rent in the presence of DNP was 149 * 17.3 pA/pF (n = 14) in
wild-type myocytes compared with 91 * 11.2 pA/pF (n = 17;
p < 0.05 Student’s ¢ test) in PKP2 (+/—) myocytes.
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FIGURE 4. Nanometer resolution determination of K, channel localization at the ICD of an enzymatically isolated rat ventricular myocyte. Left panel,
total internal fluorescence microscopy of Kir6.2 (green) and PKP2 (magenta) of the ICD. At this resolution, co-localization appears as white when using this color
model. Right panel, dSTORM microscopy of the boxed area, demonstrating that K, channels are juxtapositioned within nanometer distances from PKP2.
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FIGURE 5. Co-localization of Kir6. 2 with proteins of the ICD. Co-staining
was performed (from left to right) with Kir6.2 and AnkG (1:50), N-cadherin (BD
Transduction Laboratories; 1:500), DP (1:200), or connexin 43 (Cx43; Sigma;
C6219, 1:1000). Kir6.2 was staining was with Lee62 (1:300) in all top panels,
except for the third column where C62 (1:50) was used. The scale baris 50 pm.

We next investigated K,rp channel properties in excised
patches from ventricular myocytes of PKP2 (+/—) mice. The
unitary conductance was not different when comparing
patches obtained from the cell centers with those from the
intercalated disk regions (Table 1). Moreover, there was no dif-
ference in unitary conductance when comparing data from wild
type with data from PKP2 (+/—) mice. We also investigated the
mean patch current. In the wild-type mouse, the mean patch
current was significantly larger in patches excised from the cell
end compared with patches obtained from the cell center
(Table 1 and Fig. 7B). In contrast, this difference was not
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observed in myocytes from the PKP2 (+/—) mouse. In patches
obtained from the cell ends, the mean patch current was ~30%
smaller in the PKP2 (+/—) mice, which closely matches the
decreased whole cell current density. In patches obtained from
the cell center, ATP inhibited the K, channel of PKP (+/—)
myocytes with an IC, value indistinguishable from wild type
(Table 1). In contrast, ATP sensitivity of K, 1, channels from
cell ends in the PKP2 (+/—) myocytes was right-shifted when
comparing with the cell center or with wild-type data (Table 1
and Fig. 7C). There was no apparent difference in MgADP sen-
sitivities of K 5+ channels in PKP2 (+/—) myocytes, regardless
of their localization (Fig. 7D). There were no differences in the
mRNA expression of the K, .. channel subunits (Kir6.1, Kir6.2,
SURI, total SUR2, or SUR2A) or protein expression of Kir6.2 or
SUR2A between the hearts of wild-type and PKP2 (+/—) mice
(Fig. 7F). Using biochemical techniques, we estimated that
~70% of the total K, 1, channel subunits are localized in intra-
cellular (endosomal) compartments (19), and the unchanged
protein levels are therefore not expected to equate the reduced
whole cell current density (Fig. 7G).

In immunohistochemistry experiments of mouse heart cryo-
sections, we found that that K, 1, channel subunits were still
localized at the ICD in the PKP2 (+/—) mice (N-cadherin was
used as an ICD marker; Fig. 7E). We calculated the Manders’
co-localization coefficients (with Costes’ automatic threshold-
ing) of the immunohistochemistry data, which shows that 6.4 =
0.75% (n = 6) of the total Kir6.2 signal overlaps with that of N-cad-
herin in WT mouse heart cryosections, which contrasts with 3.8 +
0.16% (n = 6; p = 008 Student ¢ test) in the PKP2 (+/—) mouse
heart. It should be noted that the confocal images were taken
through the cell interior, suggesting that a component of Kir6.2
staining may be intracellular, supportive of our previously pub-

VOLUME 287 +NUMBER 49+-NOVEMBER 30, 2012



Subcellular Distribution of Ventricular K ,;, Channels

A C 1.0
0.84
200 4
0.6 4
o Lo
g o = 0.4
100 4
021 O Center
] ® End
1 0.0
AT e
. . 0.01 0.1 1 10 100 1000
Center End ATP (uM)
{pA
B D 1.0
mvV 0.8+ O Center
T T T ® End
-100 5 0.6
5. .
O Center § 0.4 é i
. ® End T
44 0.24
. ® ¢
64 0.04
T MR | T
1 1 100 1000
. ADP (uM)
E 1Rat | Mouse
2504
1001
2004
754
< 1504 o
< ] 50
1004 o E
504 J. 254
O T ) 0 ) )
Center End Center End

FIGURE 6. Properties of local K, 1, channels recorded at the ICD and at the cell center. Patches were obtained from the cell center or as close as feasible to
the ICD end of the cell. Recordings were made in the inside-out configuration (A-D) or in cell-attached patch configuration (E). A, recordings of N.Po, (the
number of channels multiplied by the apparent open probability) made immediately after patch excision to avoid rundown in the absence of ATP are shown
as a box and whiskers plot. B, the K 1 channel unitary current, recorded between —100 and +60 mV, are plotted as a function of the membrane potential.
C, current (normalized to the maximal channel current in the absence of ATP; 1) is plotted as a function of the ATP concentration. Shown are the means = S.E.
of cumulative data. The solid lines were produced by fitting the cumulative data points to a pseudo-Hill function (see “Experimental Procedures”), where I is the
current in the absence of ATP, IC,, is the ATP concentration at which half-maximal inhibition occurs, and h is the Hill coefficient. The 1C5, values were
respectively 17.5 and 17.3 um ATP for the cell center and cell end (the corresponding Hill coefficients were 0.96 and 1.1). D, activation of K, channels by
MgADP. Recordings of the mean patch current (/) were made in the presence of an ATP concentration close to half-maximal inhibition (/1,; 50 um). The degree
of activation by MgADP was normalized as (I 11,)/(l, — I ;,). E, local Knrp channel currents recorded in the cell-attached patch clamp configuration at the cell end
or center. Membrane currents were recorded using a ramp voltage protocol (between —120 and 0 mV) before and after application of dinitrophenol (100 um)
to stimulate K,rp channel opening. The DNP-activated current was variable, suggestive of K, channel clustering. There was a trend for larger K rp channel
currents to be recorded near the cell ends. We repeated this study using mouse ventricular myocytes, and although the difference appeared more pronounced,
statistical significance was not achieved (p = 0.058; Student's t test).

lished biochemical studies (19). The IHC assay does not lend itself DISCUSSION

to examine how PKP2 deficiency influences endocytic recycling of Our data demonstrate that K, 1, channel expression is con-
K, rp channels and/or their redistribution within subcellular com-  centrated at the ICD regions of ventricular myocytes, where
partments, which may further impact their surface density. This  they co-localize with desmosomal proteins (e.g., PG and PKP2).
will be addressed in future biochemical experiments. Physical interaction of K, channel subunits with these pro-

NOVEMBER 30, 2012-VOLUME 287-NUMBER49  YASENMB\_ JOURNAL OF BIOLOGICAL CHEMISTRY 41263



Subcellular Distribution of Ventricular K, Channels

TABLE 1
Katp channel properties
Wild type PKP2 (+/-)
Center End Center End
Unitary conductance (pS) 77 2.6 (n=5) 75 * 1.4 (n = 10) 79 +1.0(n=28) 80+ 1.0(n=7)

Mean patch current (pA) 414 + 67.8 (n = 68) 769 + 108.4 (n = 63)* 552 * 60.9 (n = 49) 515 + 50.9 (n = 50)
1C;,
Value 28 = 7.7 (n = 31) 18 2.1 (n = 31) 19 £12.1 (n = 19) 30 =5.0(n=21)"
Median 14.5 13.2 14.0 22.8
Hill coefficient
Value 1.2 % 0.05 (1 = 31) 1.3+ 0.05 (1 = 31) 1.3 *0.09 (1 = 19) 1.2 % 0.05 (1 = 21)

Median 1.2 1.3

1.19 1.2

“ p < 0.05 end versus center, analysis of variance on Ranks.

A 1150 B *

8004 [Jcenter
I End

—&— Wild-type
—O—PKP2 (+/-) [00
6004

pA

I 50
400

-10( -60 -40 -20 2004
I-50

WT PKP2 (+/-)
1.0 1.0
i 0.84 O Center
08 ® End

0.64

0.44

0.24

0.04

=8 Wild-type

n

2000+

Expression

10004
504

Kir6.2

SUR2 Kir6.1 SUR1

PKP2 (+/-) e

)
C o @@
DN

HGdVO 29I V2dNns

FIGURE 7. Ka7p channel properties in cardiac myocytes from PKP2 (+/—) deficient mice. A, whole cell current was recorded with ramp voltage pulses in
cardiac myocytes before and after metabolic poisoning with DNP (100 um). The DNP-activated current density (corrected for cell capacitance) is plotted as a
function of membrane potential. B, mean patch current in the absence of ATP was recorded using the inside-out patch clamp configuration with patches
obtained from the cell center or as close as possible to the ICD end of the cell. The data are plotted for wild-type or PKP2 (+/—) mice. C, ATP sensitivity of Kyrp
channels from center or cell end of PKP2 (+/—) cardiac myocytes. D, degree of ADP stimulation of K, channels from center or cell end of PKP2 (+/—) cardiac
myocytes. E, immunohistochemistry performed using an anti-Kir6.2 antibody (Lee62; 1:200; red) and an antibody against N-cadherin (green). The scale bar
represents 25 um. F, mRNA expression of Kir6.2 and SUR2, relative to that of reference genes (RPS56 and HMBS), is shown for PKP2 and WT mouse heart.
G, Western blotting of WT and PKP2 (+/—) mouse heart membranes with antibodies against SUR2A (M19; 1:300), Kir6.2 (C62, 1:2000), and GAPDH (1:8000).

teins was also demonstrated with co-immunoprecipitation
experiments. The local K, 1, channel current density is higher
when recorded at the intercalated disk ends of isolated cardiac
myocytes compared with the cell center, but other properties
(unitary conductance and nucleotide sensitivities) are similar.
The whole cell K, channel current density is reduced in myo-
cytes isolated from PKP2 (+/—) mouse hearts, and the K,
channel current heterogeneity is reduced. Immunohistochem-
istry experiments reveal that K, channels also co-localize
with other ICD proteins, such as N-cadherin, AnkG, and DP
and to a lesser extent with the gap junction protein Cx43.
Subcellular Localization of K, p Channels—The subcellular
localization of many ion channels, exchangers, and pumps is
nonuniform across a cardiac myocyte. One of the best charac-
terized cases for polarized expression of a channel within car-
diac myocytes is the preferential localization of Cx43 to the ICD
(25). Other ion channels demonstrating spatial heterogeneity
within cardiac myocytes include the K™ channels Kv1.5 and
Kir2.1 (3), as well as the Na™ channel (4). The subcellular dis-
tribution and membrane anchoring of cardiac K, channels
are incompletely described. Early surface topology studies
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obtained with scanning ion conductance microscopy suggested
a higher density of K,p channels within t-tubular openings
(26), consistent with punctuate striated staining previously
observed in immunohistochemistry experiments (15) (see also
the immunohistochemistry data in the current study). Using
different antibodies and optimized antibody concentrations,
we have now identified K,rp channel subunits also to be
expressed at the intercalated disk regions of ventricular myo-
cytes. We observed similar localization patterns when using a
variety of antibodies against either Kir6.2 or SUR2A, which
argues for specific staining by these antibodies. Staining was
absent in cryosections of Kir6.2 knock-out mice (not shown),
which further supports the concept that these antibodies
detected the presence of K, channel subunits in the cardiac
intercalated disk regions, in addition to their well described
localization in the sarcolemma of cardiac myocytes.

Properties of K,rp» Channels at the Intercalated Disk—We
used patch clamp techniques to isolate patches near the center
of cardiac myocytes or as close as possible toward the cell ends.
The patch pipette resistance was monitored to ensure that the
patch membrane surface area was comparable between cells.
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However, because the patch electrode is lowered unto the top of
the cell, this approach has the disadvantage that we are not
directly examining channel properties at the vertical face of the
cell junction. Furthermore, although we used high magnifica-
tion objectives (40X), the optical resolution of the microscope
isinsufficient to ensure that the patch pipette is always placed in
comparable locations. This may in part account for the varia-
bility that we observed in the local current densities. An alter-
native, but not mutually exclusive, explanation is that K,1p
channels are clustered on the cell surface. This possibility is
supported by our super-resolution (dSTORM) images. Despite
these limitations, we found that the local K, 1, channel current
(median K, channel patch current in the absence of ATP)
was almost 2-fold higher at the cell ends compared with the cell
center. Other properties of the K, channels at the interca-
lated disk region were similar, including their unitary conduct-
ance, inhibition by ATP, and stimulation by MgADP. These
data argue for the possibility that the intercalated disk K,p
channels have a molecular composition that is not unlike that of
the channels at the center of the myocyte. The larger K, 1p
channel current density at the cell end is likely due, therefore, to
elevated expression levels in this region of the cardiac myocyte.

Are There Two Distinct Populations of K, rp Channels?—
Data from the Mohler laboratory demonstrated that Kir6.2
physically interacts with ankyrin B and that K, ., channel func-
tion is negatively affected in cardiac myocytes isolated from
mice lacking ankyrin B (27). Ankyrin B mostly localizes to the
lateral sides and t-tubules of cardiac myocytes and is expected
to anchor K,;p channels within these subcellular domains.
These K,rp channels may also interact with the dystrophin
complex (28). This is a situation reminiscent of the population
of lateral cardiac Na™ channels, which interacts with the syn-
trophin-dystrophin complex (29). However, a second pool of
cardiac Na® channels exists; these channels interact with
SAP97 (29), AnkG (30), and PKP2 (31), and they are located at
the ICD of cardiomyocytes (4). Polarized distribution of pro-
teins within a cell is accomplished by directed delivery mecha-
nisms and/or their stabilization on the cell surface. The latter
can occur by binding to specific scaffolds, such as AnkG, which
localizes predominantly to the ICD (30) and is responsible for
targeting of Navl.5 to this region (32). Moreover, recent data
demonstrate that AnkG is a key functional component of the
ICD and integrates the functionality at two cardiac junctional
structures: gap junctions and the desmosome (32). We
observed a high degree of co-localization of K, 1, channels with
AnkG and postulate that AnkG is a scaffold responsible for
stabilization of a protein complex that includes K, channel
subunits and proteins of the desmosome. Although direct
interaction between Kir6.2 and AnkG may not occur (33), indi-
rect interactions, or interactions with SUR2A, cannot be
excluded.

Subcellular Structures Enriched in K, rp Channels—We can-
not make definitive conclusions regarding the subcellular
structures containing ICD K, 1, channels. We found a poor
correlation between K 1, channels and Cx43 localization, sug-
gesting that K,1p channels are not present in gap junctions.
With confocal microscopy, we found a high degree of co-local-
ization of K, -, channels with PKP2, PG, DP, and N-cadherin,
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suggesting the possibility that K, channels are present in
structures enriched in these proteins. Desmosomes and adher-
ens junctions are classically considered as separate intercellular
adhesive junctions that anchor intermediate filaments and
actin cytoskeleton, respectively, at the plasma membrane of
adjoining cells. Desmosomes consist of three families of pro-
teins, desmosomal cadherins (desmoglein and desmocollin),
armadillo proteins (PG and PKP2), and plakins (DP and plec-
tin). With adherens junctions, in contrast, the cytoplasmic tails
of Ca®>*-dependent cadherins interact in a mutually exclusive
manner with either B-catenin or PG, which in turn links to
a-catenins and the actin cytoskeleton (34). Recent data demon-
strate some desmosomal proteins to be also present in ultra-
structurally defined fascia adherens junctions (35). In this
mixed type junctional structure, termed a hybrid adhering
junction or area composita, a'T-catenin recruits desmosomal
proteins to form a mixed type, reinforced junction at the ICD
that is attached to both the intermediate filaments and the actin
cytoskeleton (36). It is possible that K, channels are located
in the vicinity of such junctions. Indeed, our super-resolution
microscopy experiments demonstrated that K,rp channels
localize within nanometer distances of PKP2. Similar future
experiments will be conducted to examine the subcellular local-
ization of K, -, channels relative to that of PG, N-cadherin, and
the catenins.

Functional Relevance of K , 7p Channels at the ICD?—We can
only speculate as to the mechanisms by which K, 1 channels at
the ICD may contribute to excitability under physiological con-
ditions. Previous data demonstrated functional interaction
between K, channels and the Na™/K™ pump (37). Interest-
ingly, we found both a and 8 subunits of the Na*/K* ATPase to
be present in K, 1 channel immunoprecipitates (14). It may be
possible, therefore, that K, channels may have a flux cou-
pling role in the restricted intercellular space of the ICD. With
Na*/K" pump activation, ATP is consumed, and this may
decrease local submembrane ATP levels in the immediate
vicinity of an adjacent K, 1, channel. This, in turn, would acti-
vate the K, p channel. Outward K* movement through the
channel restores the extracellular K just depleted by the
Na*/K™" pump. Under ischemic conditions, when K ., chan-
nels open uncontrollably, excessive K™ efflux into the diffusion-
limited ICD extracellular space may lead to excessive K™ accu-
mulation, membrane potential depolarization, and Na™
channel inactivation. This scenario predicts a relationship
between K, 1p channel activity and ischemia-induced conduc-
tion slowing, which has previously been noted experimentally
(10).

Possible Role of K , 7 Channels in AC?—The end to end con-
nections between cardiomyocytes (at the ICD), contains spe-
cific junctional complexes. Desmosomes and adherens junc-
tions are best known for mediating mechanical coupling
between cells, but growing evidence points to an integrated
nature of junctional complexes and how aberrant cell-cell cou-
pling is mediated through defects in junctional proteins. Muta-
tions in desmosomal proteins are linked to AC, characterized
by fibrofatty infiltration, sustained ventricular tachycardia, and
sudden cardiac death (2). Although it may be difficult to visu-
alize the functional relationship between these structural ele-
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ments and electrical events (arrhythmias), the picture has been
clarified with recent data. Some ion channels, including the
Na™* channel and K" channels (Kv1.5 and Kir2.1) are enriched
at the ICD (3, 4). Moreover, interaction between desmosomal
proteins and Na™ channels occurs, and disruption of the des-
mosomal complex affects the function of these channels (6).
Our data, demonstrating that K, 1, channels are down-regu-
lated in PKP2 deficient mice, suggest that K, -, channels may
share these properties. Patients with AC suffer from ventricular
tachycardia and sudden death, but it is unknown how these
patients respond to cardiac ischemic insults. Mice deficient of
aT-catenin have a much greater incidence of ventricular
arrhythmias following acute myocardial ischemia (38). The
~40% decrease of whole cell K, channel density that we
observed in PKP2 (+/—) mice suggests that desmosomal disor-
ders might be associated with a diminished protective role of
K,rp channels.
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