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Background: Regulation of Kir2.1 by WT caveolin 3 and LQT9-causing mutants of caveolin3 is unknown.

Results: WT caveolin 3 and mutants of caveolin 3 associate with Kir2.1. Caveolin 3 mutants reduce Kir2.1 current density.
Surface expression of Kir2.1 is decreased by caveolin 3 mutations.

Conclusion: Caveolin 3 mutations affect Kir2.1 current density by decreasing cell surface expression of Kir2.1.

Significance: Kir2.1 loss of function may contribute to the mechanism of arrhythmia generation in caveolin 3-mediated LQT9.

Mutations in CAV3 cause LQT syndrome 9 (LQT9). A previ-
ously reported LQT9 patient had prominent U waves on ECG, a
feature that has been correlated with Kir2.1 loss of function. Our
objective was to determine whether caveolin 3 (Cav3) associates
with Kir2.1 and whether LQT9-associated CAV3 mutations
affect the biophysical properties of Kir2.1. Kir2.1 current (Ir;)
density was measured using the whole-cell voltage clamp tech-
nique. WT-Cav3 did not affect I;;. However, F97C-Cav3 and
T78M-Cav3 decreased Iy, density significantly by ~60%, and
P104L-Cav3 decreased Iy, density significantly by ~30% at —60
mV. Immunostained rat heart cryosections and HEK293 cells
cotransfected with Kir2.1 and WT-Cav3 both demonstrated
colocalization of Kir2.1 and WT-Cav3 by confocal imaging.
Cav3 coimmunoprecipitated with Kir2.1 in human ventricular
myocytes and in heterologous expression systems. Additionally,
FRET efficiency was highly specific, with a molecular distance of
5.6 = 0.4 nm, indicating close protein location. Colocalization
experiments found that Cav3 and Kir2.1 accumulated in the
Golgi compartment. On-cell Western blot analysis showed
decreased Kir2.1 cell surface expression by 60% when expressed
with F97C-Cav3 and by 20% when expressed with P104L-Cav3
compared with WT-Cav3. This is the first report of an associa-
tion between Cav3 and Kir2.1. The Cav3 mutations F97C-Cav3,
P104L-Cav3, and T78M-Cav3 decreased I, density signifi-
cantly. This effect was related to a reduced cell surface
expression of Kir2.1. Kir2.1 loss of function is additive to the
increase described previously in late I,, prolonging repolar-
ization and leading to arrhythmia generation in Cav3-medi-
ated LQT9.
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Long QT Syndrome (LQTS)? is characterized by a prolonga-
tion of the QT interval on the electrocardiogram in individuals
with structurally normal hearts, predisposing them to polymor-
phic ventricular tachycardia, syncope, and sudden death. Ion
channel dysfunction is thought to underlie the pathogenesis of
LQTS, either directly from abnormal ion channel function or
indirectly through abnormal accessory protein function, and is
classified as LQT1-13 according to genetically identified
abnormalities (1).

The caveolin family of proteins assists in formation of spe-
cialized lipid domains or rafts called caveolae. Three different
caveolin genes have been identified (CAVI, CAV2, and CAV3).
CAV3encodes caveolin 3 (Cav3), which is exclusively expressed
in heart and skeletal muscle (2). Functionally, Cav3 is both an
anchoring protein for molecules within caveolae and a regula-
tory element for protein signaling activity (3). Mutations in
CAV3 have been clinically linked to autosomal dominant skel-
etal muscle diseases and cardiac disease (4). More recently, our
group and colleagues showed that CA V3 mutations are associ-
ated with the LQT syndrome phenotype (5). From 905 unre-
lated LQTS subjects, six non-synonymous nucleotide changes
in highly conserved residues, resulting in the discovery of four
heterozygous missense mutations (T78M, A85T, F97C, and
S141R). These CAV3 mutants, caused a pathologic increase in
late sodium current (late I;,), which is known to prolong the
action potential and cause LQT syndrome (5). On the basis of
those results, the syndrome is now referred to as LQT9. How-
ever, because Cav3 is known to associate with other cardiac ion
channels, we hypothesized that CAV3 mutations are likely to
affect other ion currents in addition to late I,.

In the heart, I, is thought to be predominantly carried by
channels composed of Kir2.1, encoded by KCNJ2 (6, 7). L,
maintains the resting membrane potential close to the potas-
sium equilibrium potential and contributes to final phase 3
repolarization (8). Mutations in KCNJ2 resulting in a loss of
Kir2.1 function are implicated in Andersen-Tawil syndrome

3 The abbreviations used are: LQTS, long QT syndrome; EGFP, enhanced GFP;
PA, picoamperes; pF, picofarads.
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(9), also referred to as LQT7. By ECG, loss of Kir2.1 function
can cause a prolonged QTu with a dominant U wave with only
mild QTc prolongation (9, 10). Kir2.1 has been shown to asso-
ciate with a variety of scaffolding proteins and signaling mole-
cules, such as SAP97, syntrophin, 8 2-adrenergic receptor, and
G proteins (11, 12). Nevertheless, the macromolecular complex
associated with Kir2.1 in the heart is not known, and, to date, no
B subunits have been identified (7). We hypothesized that
Cav3 and Kir2.1 may be part of a macromolecular signaling
complex. Our interest was heightened by the observation of
a prominent U wave in the ECG of a LQT9 patient (T78M-
Cav3) (5), suggestive of possible I,.; involvement in this syn-
drome. In this manuscript, we have explored the association,
functional consequences, and mechanisms of LQT9 CAV3
mutations and WT-CAV3 with the inward rectifier potas-
sium channel (Kir2.1).

EXPERIMENTAL PROCEDURES

Ethical Approval—All experiments were performed in
accordance with the Institutional Animal Care and Use Com-
mittee at the University of Wisconsin, Madison and conform
to National Institutes of Health guidelines. Experiments
using human tissue were approved by the institutional
review board, University of Wisconsin, Madison (protocol
number 2011-0194).

Cav3 and KCNJ2 Construction and Mutagenesis—The W'T
human CA V3 456-bp coding sequence was cloned from human
cardiac cDNA as reported (5). The human KCNJ2 clone was
created previously and reported in this laboratory (13). Site-
directed mutagenesis was performed with the QuikChange
site-directed mutagenesis kit (Stratagene) using the vector con-
taining the WT-Cav3 inserts as a template. The primers used
for mutagenesis are available on request. PCR and bacterial
transformation were performed according to the instructions
of the manufacturer.

Cell Culture and Transfections—HEK293 or Cosl cells were
cultured in DMEM (Invitrogen) with 10% FBS. For electro-
physiological experiments, HEK293 cells were transiently
transfected using FUGENE 6 (Promega) according to the spec-
ifications of the manufacturer. For each set of transfections, an
equal amount of WT and/or mutant Cav3 (Pires-EGFP, Clon-
tech, Palo Alto, CA) along with hKir2.1 (Clontech) were used.
For on-cell Western blot analysis, immunoprecipitation, and
cell surface localization of Kir2.1, cells were cotransfected with
HA-Kir2.1 (a gift from Dr. A. George) and WT-Cav3 or F97C-
Cav3 or T78M-Cav3 or P104L-Cav3. Kir2.1-NT-GFP was con-
structed as described previously by Eckhardt et al. (13). The
Cav3-mCherry construct was a gift from Dr. T. Kamp.

Immunostaining—Immunostaining of tissue and single cells
was performed as described previously (28). The rabbit anti-
Kir2.1 antibody was generated by using a peptide sequence
(388—-401, DDSENGVPESTSTD) from the C terminus of
hKir2.1. The antibodies were raised in rabbits and purified as
described previously (15). Results from in-house anti-Kir2.1
antibody were confirmed by using commercially available Santa
Cruz rabbit anti-Kir2.1 antibody (data not shown), which was
shown previously to detect Kir2.1 in rat tissue (28). Other anti-
bodies included mouse anti-Cav3 antibody (BD Biosciences),
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rabbit anti-HA (Applied Biological Materials, Inc.) and mouse
anti-HA (Covance). For cell surface expression measurement,
cells were fixed with 4% paraformaldehyde in PBS but not per-
meabilized. To detect extra versus intracellular Kir2.1, fixed
cells were treated with mouse anti-HA antibody, washed with
PBS, and then permeabilized and incubated with rabbit
anti-HA antibody. Slides were washed with PBS with 0.1%
Tween 20 (PBS-T) and then incubated in goat secondary anti-
bodies conjugated to Alexa Fluor 488 and/or Alexa Fluor 568
and/or Alexa Fluor 660 (Invitrogen). DAPI staining was used to
detect the nucleus. Samples were then washed in PBS-T and
mounted using a ProLong Gold anti-fade mounting kit (Invit-
rogen). Fluorescence was analyzed, and images were acquired
on a Nikon A1 or Leica SP5 confocal microscope. Image]J soft-
ware was used to investigate colocalization. Analysis by mea-
suring Pearson’s correlation coefficient was performed. Tissue
from at least three different rat hearts was sectioned and ana-
lyzed to confirm results.

Coimmunoprecipitation—Human tissue samples or trans-
fected Cosl cells were homogenized in radioimmune precipi-
tation assay buffer containing 25 mm Tris-HCl (pH 7.4), 150
mwm NaCl, 60 mMm n-octyl-D-glucoside, 1% Triton X-100, 2 mm
PMSEF, and a protease inhibitor tablet/50 ml. The homogenate
was centrifuged to remove insoluble debris. 400 g of superna-
tant was used for each reaction and was precleared with protein
A/G-Sepharose beads (Pierce). The precleared supernatant was
incubated in primary antibody overnight at 4 °C, and protein-
antibody complexes were recovered using recombinant protein
A/G-Sepharose (Pierce). As a negative control, isotype control
IgG was used. Cell lysates were separated on precast 10-20%
SDS-PAGE gels and immunoblotted as described previously
(28).

FRET—The acceptor photobleaching approach was per-
formed as described previously (16). Briefly, images were
acquired using the Leica confocal scanning system (Exton, PA)
TCS SP5 outfitted with a Leica inverted microscope, an argon
laser, and X60 1.4 numerical aperture plan apochromatic oil
immersion objective. EGFP and mCherry fluorescence were
excited with 488- and 561-nm laser light, respectively. A
dichroic (DD488/561) mirror in the excitation path was used
for dual excitation. The emissions for EGFP and mCherry were
collected using 492- to 505-nm and 570- to 696-nm band pass
windows, respectively. Live samples were imaged within 48 h
after transfection. The regions of interest in cells expressing
both fluorophores were photobleached using 561-nm laser
light at 100% intensity. EGFP and mCherry images were taken
both before and after acceptor photobleaching. FRET efficiency
(E) was calculated using Leica software: E = D, D,,.o/D o0
where D, and D, are EGFP emissions before and after
regional photobleaching. To calculate the distance between
molecules (r) we used the following formula: Fret efficiency =
(r0)®/((r0)®+(r)®) where ro = 5.24.

Electrophysiology—Membrane current recordings were car-
ried out 24 h after transfection using the ruptured patch whole
cell technique (17) at room temperature and recorded with an
Axiopatch-200B amplifier. Borcillica glass pipettes were pulled
to resistances of 2—4 M(). Cells were identified by GFP fluores-
cence under fluorescent microscopy (Nikon). The bath solution
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contained 140 mm NaCl, 5.4 mm KCl, 1.8 mm CaCl,, 0.5 mm
MgCl,, 5 mm HEPES, 0.33 mm NaH,PO,, 5.5 mm D-glucose,
and NaOH (pH 7.4). The pipette solution contained 30 mm KCl,
85 mMm K aspartate, 5 mm MgCl,, 10 mm KH,PO,, 2 mMm
K,EGTA, 2 mm K,ATP, 5 mm HEPES, and KOH (pH 7.2). Con-
trol experiments in the WT were done contemporaneously
with the mutations. From a holding potential of —60 mV, volt-
ages were applied from —120 to 30 mV in 10-mV increments
for 200 ms. Data were filtered at 10 kHz and digitized using a
Digidata 1200 (Axon Instruments). Analysis of data was done
using pClampl0 (Axon Instruments) and Origin 7 software
(OriginLab Corp.).

On-cell-Western Blot Analysis—Monolayers of HEK293 cells
transiently cotransfected with HA-Kir2.1 and WT-Cav3 or
F97C-Cav3 were fixed with 4% paraformaldehyde 22—24 h after
plating. Cells were washed with 1X PBS and then blocked with
5% normal goat serum made in 1X PBS for 1 h and then incu-
bated with mouse anti-HA antibody for 90 min. Cells were
incubated in IRDye 680 goat anti-mouse secondary antibody
for 1 h. Cells marked as control were only incubated with sec-
ondary antibodies and no primary antibody. Cells were imaged
according to the specification of the manufacturer on the
Li-Cor Odyssey infrared imager (Li-Cor Biosciences, Lincoln,
NE). Integrated intensities of the 700-nm infrared signal for
each well were calculated using the Li-Cor odyssey infrared
imaging system software. Background intensity was subtracted
from the experiment, and results are reported as normalized
data (18).

Statistical Analysis—Data are expressed as mean * S.E.
unless specified otherwise. Data were analyzed using either an
unpaired Student’s ¢ test or analysis of variance using Microsoft
Excel. Values of p = 0.05 were considered significant.

RESULTS

Cav3 Mutations Decreased Kir2.1 Current Density Signifi-
cantly —We studied the effect on I;; of three different muta-
tions in the membrane domain of Cav3: LQT9-causing muta-
tions F97C-Cav3 and T78M-Cav3, and P104L-Cav3 causing
limb-girdle muscular dystrophy. No endogenous caveolins
have been found in HEK293 or COS1 cells. Thus, they were
chosen for our modeling system. Representative I,; traces are
illustrated in Fig. 1, left panel, Kir2.1 alone (top panel), with
WT-Cav3 (center panel), or with F97C-Cav3 (bottom panel).
Summary data of the Kir2.1 current-voltage relationships (IV)
are shown in the right panel. Kir2.1 channels expressed by itself
(M), coexpressed with WT-Cav3 (@), F97C-Cav3 (¢), T78N-
Cav3 (V) and P104L-Cav3 (A). IV relationships from all three
Cav3 mutations compared with Kir2.1 alone or with WT-Cav3
showed a significant decrease in I density. The average peak
inward current at —120 mV was —97.44 * 20.99 pA/pF (n = 9)
for F97C-Cav3, —98.46 = 8.04 pA/pF (n = 6) for T78M-Cav3,
and —157.25 * 14.28 pA/pF (n = 11) for P104L-Cav3, whereas
compared with WT-Cav3 and Kir2.1 alone, the peak inward
current was —235.68 = 22.97 pA/pF (n = 12) and —237.32 =
19.51 pA/pF (n = 9), respectively. The average peak outward
current at —60 mV for F97C-Cav3 was —0.42 = 1.30 pA/pF
(n = 9), whereas T78M-Cav3 was 0.31 = 1.80 pA/pF (n = 6)
and P104L-Cav3 was 1.77 = 0.81 pA/pF (n = 11) as compared

17474 JOURNAL OF BIOLOGICAL CHEMISTRY

Current density

(PA/PF)
25

30 mV v

A10 mV

-50 mV-

-120 mV, 200 msec 20

Kir2.1 + Vector

S

50 pA/pF
50 msec

Kir2.1 + WT-Cav3

—— —m—Kir2.1 + Vector
e —e—Kir2.1 + WT-Cav3  |-200-
—a—Kir2.1 + P104L-Cav3
Kir2.1 + F97C-Cav3 —v—Kir2.1 + T78M-cav3
| —e—Kir2.1 + F97C-Cav3 |-250
-300-

FIGURE 1. Cav3 mutants decrease Kir2. 1 current density significantly
compared with Kir2.1 cotransfected with vector (H) only or WT-Cav3 (®).
Representative Kir2.1 current density traces are illustrated in the left panel in
the absence (top) or presence of WT-Cav3 (center), or F97C-Cav3 (bottom).
Scale bar = 50 ms and 50 pA/pF.The dotted line indicates 0 pA. Summary data
of the current-voltage relationships of Kir2.1 channels expressed by itself (H,
n = 9) and coexpressed with WT-Cav3 (@, n = 12), F97C-Cav3 (#,n = 9),
T78N-Cav3(V¥,n =6),and P104L-Cav3 (A, n = 11)are shownintheright panel.
The current-voltage relationship from all three mutations of Cav3, but not
WT-Cav3, showed a significant decrease in Kir2.1 current density. *, p < 0.05).
The inset highlights the current at depolarized potentials.

with WT-Cav3, which was 9.12 * 2.23 pA/pF (n = 12), and
Kir2.1 alone, which was 7.37 = 2.30 pA/pF (n = 9). We have
shown a significant, ~60% decrease in Kir2.1 current density
with F97C-Cav3 (-120 mV, p < 0.001 and —60 mV, p < 0.01)
and T78M-Cav3 (-120 mV, p < 0.001 and — 60 mV, p = 0.05)
when compared with Kir2.1 expressed by itself and Kir2.1 coex-
pressed with WT-Cav3. P104L-Cav3 caused a significant, 30%
(-120 mV, p < 0.01 and —60 mV, p = 0.02) decrease in I,
density compared with Kir2.1 expressed by itself and Kir2.1
coexpressed with WT-Cav3.

Kir2.1 and Cav3 Coimmunolocalize in Ventricular Cells and
Coimmunoprecipitate in Human Ventricular Myocytes and
Heterologous Cells—Immunostaining of rat cardiac ventricular
cryosections (Fig. 2, A--C) and HEK cells (D—F) was performed.
Kir2.1 (Fig. 2, A and D, red) and Cav3 (B and E, green) coimmu-
nolocalize as demonstrated in the merged images (C and F). Fig.
2C, c1—c4, and the insets in D--F are higher magnifications of
the areas identified as boxes in C, D, E, and F, respectively. Colo-
calizations at cellular locations are indicated at intercalated
discs by asterisks and at T-tubules by double arrows in Fig. 2C,
cl—c4. Two different Kir2.1 and Cav3 antibodies confirmed
these results (data not shown). Colocalization was analyzed by
Pearson’s correlation coefficient (significance of interaction is
at = 0.5). For rat cardiac tissue, the coefficient was 0.76 = 0.03
(three hearts, n = 10), and for HEK293 cells it was 0.87 * 0.03
(n=7).

The immunoblot analysis of a coimmunoprecipitation
experiment shows that, in human ventricular lysate, Kir2.1 and
Cav3 associate, directly or indirectly (Fig. 3A4). Anti-Kir2.1 anti-
body was used to immunoprecipitate Cav3. Rabbit IgG was
used as a negative control. COS1 cells, like HEK293 cells, do not
express any endogenous caveolins. Thus, we performed the
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FIGURE 2. Coimmunolocalization of Kir2. 1 and Caveolin3. Shown is coimmunolocalization of Kir2.1 (A, c1, ¢3, and D, red) and Cav3 (B, c2, ¢4, and E, green) in
rat cardiac ventricular tissue (A-C) and heterologous cells (D-F). c1-c4 and the insets in D-F are higher magnifications of the areas identified with boxes. Double
arrows (c3 and c4) denote T-tubular staining, asterisks (c1 and c2) denote an intercalated disk, single arrows denote membrane localization, and arrowheads
represent a punctuate pattern of staining. Nuclei (C and F) are stained blue with DAPI. Scale bar = 20 um.

next experiments in COS1 cells to determine whether proteins
specific to HEK293 cells (used for the electrophysiology exper-
iments) mediated the association between Cav3 and Kir2.1 or
not. Coimmunoprecipitation and Western blot analysis of
COS-1 cells coexpressing extracellular hemagglutinin-Kir2.1
(HA-Kir2.1) and WT-Cav3 or F97C-Cav3 are shown in Fig. 3B.
Cell lysates were incubated with anti-Kir2.1 antibody or rabbit
IgG and analyzed by Western blot analysis with anti-HA anti-
body (upper panel) or anti-Cav3 antibody (lower panel), Fig.
3B). Rabbit IgG was used as a negative control. Kir2.1 and WT-
Cav3 and F97C-Cav3 associate as indicated by arrows. We also
investigated coimmunoprecipitation of T78M-Cav3, P104L-
Cav3, and F97C-Cav3 with Kir2.1 in HEK293 cells. Fig. 3C dem-
onstrates that all three tested mutants of Cav3 coimmunopre-
cipitate with Kir2.1. Cav3 antibody failed to pull down Kir2.1
when the vector alone was used as a negative control. The
reverse experiment was also performed by immunoprecipitat-
ing HA-Kir2.1 with HA antibody and blotting for Cav3 (data
not shown). We had similar results with all of the Cav3 muta-
tions, so that all of the mutations in Cav3 associate with Kir2.1.
The darker appearance of the Cav3 band for the F97C is related
to an increased plasmid protein expression (a variable in heter-
ologous expression) rather than a true differential biophysical
relationship. We verified that this was because of variable plas-
mid expression by performing repeat coimmunoprecipitation
and Western blot experiments using tubulin as an internal con-
trol of protein expression (data not shown).

Cav3 Association with Kir2.1 Revealed by FRET—Given that
channels localize in caveolar domains, we designed the FRET
experiments to have Cav3 as the acceptor and Kir2.1 as the
donor. Fluorophores were placed strategically at the N-termi-
nal of both Kir2.1 and Cav3, with Kir2.1 fused to EGFP (donor)
and Cav3 fused to mCherry (acceptor). HEK293 cells were
transfected with these two constructs, and only cells expressing
both the fluorophores were included. Fig. 44 illustrates a rep-
resentative FRET experiment. Live, prebleached cells express-
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ing both fluorophores were scanned sequentially (Fig. 44, top
panel). Following acceptor bleaching in the area identified by
the box, the same cell was scanned again sequentially, and FRET
efficiency was calculated as described under “Experimental
Procedures” in identified regions of interest. Regions of interest
were selected at the edge of the cell and also at punctuate pat-
terns on the cell, as identified previously (Fig. 2, D—F). FRET
efficiency is reported in the inset in Fig. 4A. The bar graph in
Fig. 4B exhibits summary data from multiple control experi-
ments, where EGFP transfected along with Cav3-mCherry
demonstrated no significant FRET efficiency, whereas Cav3-
mCherry and Kir2.1-EGFP demonstrated significant FRET effi-
ciency. From the average FRET efficiency, we calculated the
distance between the fluorophores and, thus, a measure of dis-
tance between the proteins of interest. Using the formula
depicted under “Experimental Procedures,” with FRET effi-
ciency as 0.40 and ro as 5.24, the distance between proteins (r) is
5.6 £ 0.4 nm. These results confirm our previous observation of
association between Cav3 and Kir2.1 by immunostaining and
coimmunoprecipitation (Figs. 2 and 3).

Cav3 Mutants Are Retained in the Golgi Compartment—We
have now shown that Cav3 and Kir2 associate (directly or indi-
rectly) and that Cav3 mutations have functional consequences
on Kir2.1 current density. In this section, we investigated the
intracellular localization of Cav3 and Kir2.1 in a heterologous
expression system. Initial experiments suggested that LQT9
Cav3 mutations caused Kir2.1 accumulation in intracellular
compartments (data not shown). P104L-Cav3 has been shown
previously to accumulate in the Golgi (19). Hence we investi-
gated if the other two Cav3 mutations, F97C-Cav3 and T78M-
Cav3, also accumulate in the Golgi, along with Kir2.1. Fig. 5, ¢, g,
k, and o, illustrates immunostained HEK293 cells cotransfected
with Kir2.1 and WT-Cav3 () or F97C-Cav3 (e) or T78 M-Cav3
(i) or P104L-Cav3 (m). WT-Cav3 did not accumulate in the
Golgi as identified by Golgin97 antibody (Fig. 5, b, f, j, and n), in
contrast to the tested Cav3 mutants along with Kir2.1. The data
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FIGURE 3.Kir2.1 coimmunoprecipitates with WT-Cav3 and Cav3 mutants.
Kir2.1 coimmunoprecipitates with WT-Cav3 in human ventricular tissue
lysate (A) and in Cos1 cells transiently cotransfected with HA-Kir2.1 and WT-
Cav3 (B, left panel) or F97C-Cav3 (B, right panel). IB, immunoblot. Anti-Kir2.1
antibody was used to immunoprecipitate (/P) WT-Cav3 in A and B, left panel,
and Cav3F97C (right panel). Rabbit IgG was used as a negative control and
failed to immunoprecipitate Cav3. Tissue and cell lysates were used as posi-
tive controls. C, WT-Cav3, F97C-Cav3, T78M-Cav3, and P104L-Cav3 were
immunoprecipitated with Cav3 antibody (reciprocal immunoprecipitation)
and blotted for Kir2.1. Lysate from untransfected cells or cells transfected with
Kir2.1 and vector were used as negative controls.

from Fig. 5 suggest that Cav3 mutants affect cell surface expres-
sion of Kir2.1 channels. Interestingly, we saw some P104L-Cav3
at the membrane evident in Fig. 5m.

Cav3 Mutants Affect Kir2.1 Surface Membrane Expression—
The data in Fig. 5 indicate that the mechanism of the effect of
Cav3 mutants on Kir2.1 current density is related to a decrease
in the surface expression. We evaluated this observation by
analyzing the cell surface expression of Kir2.1 by on-cell West-
ern blotting technique using transiently transfected HEK293
cells with HA-tagged Kir2.1 (HA-Kir2.1) and WT-Cav3/F97C-
Cav3. Fig. 6A is a representative on-cell Western experiment
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illustrating the intensity levels of HA-Kir2.1 surface expression
in cells cotransfected with either HA-Kir2.1 and vector (top
panel, center), HA-Kir2.1 and WT-Cav3 (top panel, right), HA-
Kir2.1 and F97C-Cav3 (bottom panel, left), or HA-Kir2.1 and
P104L-Cav3 (bottom panel, right). Blank HEK cells (top panel,
left) were used as negative control. F97C-Cav3 decreased the
intensity level of Kir2.1 significantly by ~60% as compared with
positive control experiments (p << 0.001, n = 3; Fig. 6B).
P104L-Cav3 had a ~20% decrease as compared with control
experiment (p = 0.035, n = 3).

DISCUSSION

In this study, we present the first report of a Kir2.1 and Cav3
association and the pathological consequences of this interac-
tion. As demonstrated by multiple complimentary techniques,
our data showed a physical correlation between Kir2.1 and
Cav3 in human ventricular myocytes, rat ventricular myocytes,
and by heterologous expression by using coimmunoprecipita-
tion, immunostaining, and FRET. We investigated the patho-
physiological effect of this association by studying CA V3 muta-
tions that cause LQT9 (T78M and F97C) and, for comparison, a
CAV3 mutation, P104L, associated with limb girdle muscular
dystrophy. These mutations induced decreased Kir2.1 current
density, compared with Kir2.1, when expressed alone or when
coexpressed with WT-Cav3. Taken together, our data support
a relevant association and pathophysiologic interaction
between Kir2.1 and Cav3. Given the importance of Kir2.1 in
normal cardiac physiology, loss of Kir2.1 function in the pres-
ence of LQT9 CAV3 mutations is additive to the sodium cur-
rent in the pathological effects, resulting in LQTS.

Association of Cav3 and Kir2.1—We hypothesized that Cav3
may be a channel-interacting protein of Kir2.1 because of a
prominent U wave noted on the ECG of a LQT9 patient with a
T78M CAV3 mutation. Prominent U waves are a feature
described in patients with LQT7/Anderson’s syndrome
because of KCNJ2 mutations causing loss of function in Kir2.1
channels (10). Given that LQT9 patients had tested negative for
KCNJ2 or other ion channel mutations, we speculated that
mutations in Cav3 could also affect I;. The first step to answer
the above question was to investigate whether these two pro-
teins colocalize and/or associate with each other. In Fig. 2, we
demonstrate that Cav3 and Kir2.1 colocalize in native tissue
and in a heterologous expression system as shown by immuno-
staining. WT-Cav3 as well as Cav3 mutations coimmunopre-
cipitate with Kir2.1 in human tissue lysate and by heterologous
expression (Fig. 3). We complemented this data by performing
FRET on the fluorophore-tagged constructs of Cav3 and Kir2.1.
Our FRET results illustrated that Kir2.1 and Cav3 are in close
proximity, indicating an association between proteins. These
results demonstrate that the effect of Cav3 mutants on Kir2.1 is
by association and not because of a lack or loss of association.

Functional Effect of CAV3 Mutations and Kir2.1—To test the
hypothesis that the Cav3 and Kir2.1 physical association has a
functional consequence, we investigated the coexpression of
Kir2.1 with WT-Cav3 and LQT9 Cav3 mutations. As shown in
Fig. 1, our results demonstrate that although Kir2.1 does
not depend on the presence of WT-Cav3, Cav3 mutations
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FIGURE 4. Association between Kir2. 1 and Cav3 identified by FRET. A, representative FRET experiment where HEK293 cells were dual-transfected with
Kir2.1-EGFP and Cav3-mCherry and scanned before (top panel, prebleach) and after (bottom panel, post-bleach) photo bleaching of the acceptor. The region
identified by the large rectangular box represents the area of photobleach. FRET efficiency (E) was calculated in the regions of interest (RO/) identified in the
images. The inset reveals the FRET efficiency of the regions of interest. Scale bar = 7.5 um. B, the bar graph describes the summary data from multiple FRET
experiments, showing that the average FRET efficiency is ~40% as compared with negative control, which showed negligible or no FRET efficiency. The
equation described under “Experimental Procedures” was used to calculate the distance between the molecules, which is 5.6 = 0.4 nm.

decreased Kir2.1 current density significantly as compared with
WT-Cav3. This finding broadens the scope of arrhythmia gen-
eration related to loss of I, to include not only Kir2.1 protein
abnormalities but also interactions with channel-interacting
and regulatory proteins such as Cav3. The complement of
components in the Kir2.1 macromolecular complex is not
fully known but is important, given that interactions with
accessory intracellular proteins influence trafficking and
function (20). Kir2.1 interaction with SAP97 may be impor-
tant for targeting newly synthesized Kir2 proteins to specific
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microdomains, such as caveolar lipid rafts (12). The relation-
ship between Cav3 and Kir2.1 is a crucial step in understand-
ing the components of the Kir2.1 macromolecular complex,
regulation, and modification.

Tetramers of Kir2.1 make up the predominant component of
L, (6). However, Kir2.2 and Kir2.3 also contribute to I,; and
can create homotetramers or heterotramers with another
Kir2.X (21). It is possible that Cav3 associates with Kir2.2 or
Kir2.3. This association, as well as the functional effects, are
part of our ongoing study.
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FIGURE 5. Cav3 mutants accumulate in the Golgi compartment of HEK293 cells in the presence of Kir2. 1. Shown is the accumulation of Cav3 mutants and
Kir2.1in the Golgi compartment of HEK293 cells. Representative photomicrographs of HEK293 cells cotransfected with WT-Cav3 (a), F97C-Cav3 (e), T78M-Cav3
(i), P104L-Cav3 (m), and HA-Kir2.1 (c, g, k, and 0), which were triple-stained to detect Kir2.1 (c, g, k, and o, red), Cav3 (g, e, i, and m, green) and Golgin97 (b, f, j, and
n, blue). Mergedimagesin H, L,and P suggest that there is accumulation of Cav3 mutants and Kir2.1 in the Golgi as compared with WT-Cav3 and Kir2.1 (d), which
do not seem to accumulate in the Golgi. Scale bars = 20 um. The insets show a magnification of the region highlighted by the white box in the adjacent merged

panels.
Blank HA-Kir2.1+ HA-Kir2.1+ HA-Kir2.1+ HA-Kir2.1+
HEK293 Vector only WT-Caveolin3 F97C-Cav3 P104L-Cav3
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FIGURE 6. Cav3 mutants affect Kir2. 1 current density by significantly
reducing surface expression of Kir2.1 channels. A, representative on-cell
Western blot analysis illustrating intensity levels of extracellular HA-tagged
Kir2.1 surface expression in wells cotransfected with HA-Kir2.1 and vector
only (b), WT-Cav3 (c), F97C-Cav3 (d), and P104L-Cav3 (e). a shows untreated
cells stained with both primary and secondary antibody. B, the graph displays
quantitative results of three independent experiments.

Mechanism of the Effect of LQT9 Cav3 Mutations on Kir2.1—
In our study, Cav3 mutants and Kir2.1 had a different cellular
localization pattern compared with Kir2.1 with WT-Cav3.
Cav3 mutants and Kir2.1 accumulate in the Golgi compart-
ment, as identified by Golgin-97. This was not surprising for
P104L-Cav3 because it has been published previously that
P104L-Cav3 is trafficking-defective and accumulates in the
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Golgi compartment of cells (19). We chose to include this par-
ticular mutation in our study to serve as a positive control with
respect to trafficking and cell surface expression. However, the
LQT9 CAV3 mutations are thought to express and exhibit nor-
mal membrane trafficking (22). It was surprising that F97C-
Cav3 accumulated intracellularly in the Golgi, suggesting that
the major effect of Cav3 on Kir2.1 is due to its surface mem-
brane expression. We investigated this further utilizing on-cell
Western blotting (Fig. 6). F97C-Cav3 showed an ~60%
decrease in cell surface expression, and P104L-Cav3 decreased
cell surface expression of Kir2.1 by ~30%. This percentage
change in surface expression is parallel to the decrease in cur-
rent density (electrophysiology data, Fig. 1).

Cav3 has been shown to associate with nNos, Nedd4-2, and
PIP2 (23, 24). Thus, an alternative mechanism by which Cav3
could affect Kir2.1 includes channel nitrosylation, rapid degra-
dation induced by Nedd4-2, or by changing the gating proper-
ties by interaction with PIP2. Our results indicate that the effect
of Cav3 mutations on current density parallels the effect on
channel trafficking. This indicates that the important physio-
logic mechanism occurs before the channel reaches the mem-
brane, and it is thus unlikely that any of the aforementioned
membrane-related mechanisms play a role in modulating the
function of Kir2.1. Our group has shown that the sodium chan-
nel is nitrosylated in the presence of Cav3 mutations, which
increases the late sodium current (5, 21). For Kir2.1, channel
nitrosylation occurs at Cys-76 and results in increased Kir2.1
current (25). Thus, if the same mechanism as the sodium chan-
nel were applied to Kir2.1, the opposite of our observed effect
and of the presumed arrhythmia mechanism for loss of Kir2.1
function would occur.

Kir2.1 Cellular Localization—Our results in Figs. 1, 2, and 5
suggest that there are at least two populations of Kir2 channels
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in our model cell system: Kir2.1 by itself and Kir2.1 that associ-
ates with WT/mutant-Cav3. In addition, on the basis of our
results, there are at least two populations of Cav3: Cav3 by itself
and Cav3 associated with Kir2.1. This explains why WT-Cav3
does not affect I,.; density. Cav3 is not required for all proper
membrane trafficking, but mutations in Cav3 can disrupt nor-
mal membrane trafficking, thus causing a decrease in I}, den-
sity. Further, given that F97C-Cav3 and T78M-Cav3 are not
trafficking-defective alone, it is safe to speculate that they accu-
mulate in the Golgi only in the presence of Kir2.1. However,
P104L-Cav3, which is known to be a trafficking-defective
mutant, does not affect I, ; density as drastically as the other
mutants. Our data suggest that P104L-Cav3 in association with
Kir2.1 is somewhat rescued to the surface membrane (Fig. 5).
This is consistent with the clinical presentation of P104L-Cav3
patients who do not suffer from any cardiac ailments and only
from limb girdle muscular dystrophy (26). The possibility that
P104L could be partially rescued by Kir2.1 requires additional
experiments, which are outside the scope of this study.

On the basis of these results and reports from our laboratory
and others, we propose that Kir2.1 is part of a “caveolar
microdomain” that includes Nav1.5 and three scaffolding pro-
teins (Cav3, SAP97, and syntrophin). This is derived from this
work and recent work by Abriel and colleagues (27), who dem-
onstrated that Na, 1.5 associates with syntrophin and SAP97,
Makielski and colleagues (5, 23), who established that Na,,1.5
coimmunoprecipitates with Cav3 and syntrophin, Vandenberg
and colleagues, who showed that Kir2.1 coimmunoprecipitates
with syntrophin (11), and Anumonwo and colleagues (28), who
assert that Kir2.1 associates with SAP97. This is also in agree-
ment with a recent study by Jalife and colleagues (29), who
propose reciprocal modulation of Kir2.1 and Na, 1.5 and sug-
gest that these ion channels are in the same macromolecular
complex. Although these protein interactions have been shown
separately, our findings corroborate these studies, and we dem-
onstrate here pathophysiologic consequences of the association
of Cav3 with Kir2.1 and Na,,1.5.

Clinical Implications—LQTS causes syncope and sudden
cardiac death because of a prolongation of the cardiac action
potential and development of Early After Depolarizations
(EADs), which can subsequently lead to malignant ventricular
arrhythmias such as Torsades de Pointes. I;; outward current
contributes to the final phase 3 repolarization (8), and loss of
function has been associated with LQT7 (10). In this report, we
have shown that loss of Kir2.1 function, instead, relates to an
association with a dysfunctional channel-interacting protein,
Cav3. We propose that, in addition to an increase in late-I,,
the loss of Kir2.1 function may also be responsible for the
pathophysiology of LQT9. More broadly, both Kir2.1 and Cav3
have been shown to be down-regulated in heart failure (30 -32).
Thus, the clinical implications of the association of these two
important cardiac proteins may extend beyond more rare
inherited arrhythmic conditions.

Summary—Here we have demonstrated for the first time
that Cav3 associates with Kir2.1. This association, in addition to
sodium channels, is part of the pathologic mechanism of LQT9.
Cav3 and Kir2.1 association is an entirely new protein-protein
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interaction and has important implications for the pathogene-
sis of LQTS and other disease states.

Limitations—The overexpression of the proteins of interest a
heterologous expression system is useful for studying electro-
physiologic properties but may not recapitulate a physiological
environment and is an inherent limitation. Overexpression of
CAV3 mutations in cultured ventricular myocytes was inten-
tionally not utilized because of the problematic Kir2.1 run-
down in cultured myocytes. We anticipate that this issue may
be ameliorated with the use of induced pluripotent-derived car-
diomyocytes with and without Cav3 mutations to investigate
our hypotheses. The use of induced pluripotent-derived car-
diomyocytes for this study is a current and ongoing project in
our laboratory.
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