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rat ventricular cells.
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(Bacl(ground: K, B1.3 fast inactivation conferred onto K, 1.5 is PKC-dependent.
Results: PKC inhibition shifts K, 81.3-induced inactivation curve without altering K,1.5-K,81.3 interaction. A K, 1.5 channelo-

Conclusion: K, 1.5 channelosome is composed of several PKC isoforms (BI, BII, and 6), K ,81.3 and RACK1 in HEK293 and in

Significance: This is the first evidence of a cardiac Kv1.5-K,81.3-RACK1-PKC macromolecular complex.
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K,1.5 channels are the primary channels contributing to the
ultrarapid outward potassium current (I,,). The regulatory
K,B1.3 subunit converts K 1.5 channels from delayed rectifiers
with a modest degree of slow inactivation to channels with both
fast and slow inactivation components. Previous studies have
shown that inhibition of PKC with calphostin C abolishes the
fast inactivation induced by K f1.3. In this study, we investi-
gated the mechanisms underlying this phenomenon using
electrophysiological, biochemical, and confocal microscopy
approaches. To achieve this, we used HEK293 cells (which lack
K, B subunits) transiently cotransfected with K,1.5+K,81.3 and
also rat ventricular and atrial tissue to study native -3 subunit
interactions. Immunocytochemistry assays demonstrated that
these channel subunits colocalize in control conditions and
after calphostin C treatment. Moreover, coimmunoprecipita-
tion studies showed that K,1.5 and K 1.3 remain associated
after PKC inhibition. After knocking down all PKC isoforms by
siRNA or inhibiting PKC with calphostin C, K,81.3-induced fast
inactivation at +60 mV was abolished. However, depolarization
to +100 mV revealed K,B1.3-induced inactivation, indicating
that PKC inhibition causes a dramatic positive shift of the inac-
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tivation curve. Our results demonstrate that calphostin C-me-
diated abolishment of fast inactivation is not due to the dissoci-
ation of K 1.5 and K 81.3. Finally, immunoprecipitation and
immunocytochemistry experiments revealed an association
between K, 1.5, K, 1.3, the receptor for activated C kinase
(RACK1), PKCBI, PKCBIL and PKC0 in HEK293 cells. A very
similar K,1.5 channelosome was found in rat ventricular tissue
but not in atrial tissue.

The outward potassium current I’ the main current
responsible for human atrial repolarization, is generated fol-
lowing the activation of K,1.5 channels. The slow and partial
inactivation and the voltage dependence of these channels
underlie their key role in the regulation of the atrial action
potential duration (1, 2). This slow inactivation is modified by
the assembly of K 1.5 subunits with 8 subunits (K,81.2, K,1.3,
and K B2.1) present in the human myocardium (3, 4). The
K, 1.3 subunit provides a number of functions, including a fast,
partial inactivation component, a greater degree of slow inactiva-
tion, a shift of the activation curve toward more negative poten-
tials, a 7-fold decrease in the sensitivity of the channel to the block
induced by antiarrhythmic drugs and local anesthetics, and a
decrease in the degree of stereoselective blockage (5-7).

I, is highly susceptible to adrenergic regulation, which is
differentially modulated by a- and B-stimulation (8) via protein
kinases C (PKC) and A (PKA), respectively (9—11). This phe-
nomenon is very important because the expression levels of a-

’” The abbreviations used are: I, ultrarapid delayed outward rectifying cur-
rent; PLC, phospholipase C; RACK1, receptor for activated protein kinase C;
DAG, diacylglycerol; OAG, 1-oleoyl-2-acetyl-sn-glycerol; PIP, phospho-
inositide; PIP,, phosphatidylinositol 4,5-bisphosphate; IP5, inositol 1,4,5-
trisphosphate; IP3R, IP; receptor.
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and B-adrenergic receptors are altered in several cardiac
pathologies as well as the release of catecholamines (12, 13). In
fact, cardiac hypertrophy is associated with an up-regulation of
different PKC isoforms (14 —17). Similarly, 6-calmodulin kinase
II (6-CaMKII) expression increases during atrial fibrillation
(18). Furthermore, one of the most effective treatments for
atrial fibrillation is the oral administration of B-blockers (19),
which induce a pharmacological remodeling that is capable of
reversing the electrical dysfunction typically observed during
atrial fibrillation (20, 21). PKC and PKA activities are also
required for the Kv1.5 modulation by the auxiliary subunits
K,B1.2 and K,B1.3 (9, 10, 22). Indeed, PKC inhibition by cal-
phostin C reverses the K (81.3-dependent electrophysiological
effects (9). Calphostin C, a potent and selective inhibitor of
multiple protein kinase C (PKC) isoforms, acts via interaction
with the regulatory diacylglycerol (DAG) binding site (23).

PKCs comprise a cluster of at least 11 different isoforms that
include three subfamilies according to their sensitivities to sec-
ond messengers such as Ca®>" and DAG. Classical isoforms
(PKCa, -BI, -BII, and -v) are activated by Ca®>* and DAG,
whereas novel isoforms (PKCS9, -¢, -7, and 0) are sensitive to
DAG but insensitive to Ca>". Finally, atypical isoforms (PKC{
and A/t) do not require Ca>" or DAG for their activation,
whereas they are dependent on ceramide, arachidonic acid, and
other lipids (24—26). Upon activation, most PKC isoforms
undergo subcellular relocation depending on the cell type (27).
This specific compartmentation is further fine-tuned by inter-
actions with specific PKC adaptor proteins named receptor for
activated C kinase (RACK) (28).

PKC isoforms translocate to different subcellular sites after
their activation by specific second messengers, eliciting unique
cellular effects (29, 30) that are dependent on the substrate to be
phosphorylated (26, 31). The interaction of PKCs with several
substrates is believed to occur through a family of proteins that
are collectively named RACKs (32). These adaptor proteins do
not have any intrinsic functional effects. However, they are able
to translocate bound proteins to different subcellular locations
through their protein-protein interaction domains (WD40)
(33). Thus, they are capable of binding several enzymes con-
comitantly to form an enzymatic complex that is localized close
to the substrate of the enzyme. This process allows them to
regulate different cellular responses (32). RACKI is one of the
adaptor proteins that has been identified as an anchoring pro-
tein for PKC. Additionally, several ion channels (K,1.1,Ca 1.2,
K,.3.1, TRPC3, and NMDA receptor) have been reported to be
modulated by PKC via this scaffold protein (34—39). The bind-
ing of RACK1 to PKCpII enhances the enzymatic activity of the
latter by 4 - 6-fold (34, 40).

In the present study, we analyzed the effects of PKC inhibi-
tion on the K 1.5+K, 1.3 interaction. None of the isoform-
selective PKC inhibitors removed the K B1.3-mediated fast
inactivation. By silencing all of the PKC isoforms with siRNA or
inhibiting PKCs with calphostin C, fast inactivation was abol-
ished at membrane potentials up to +60 mV. However, at
membrane potentials more positive than +100 mV, fast inacti-
vation was evident, which indicated that K ,31.3 and K 1.5
remained assembled after PKC inhibition and that without
PKC activity, the voltage dependence of K ,31.3-induced inac-
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tivation is dramatically shifted in the positive direction. Addi-
tionally, we demonstrate that K 1.5+K B1.3 channels inter-
acted with RACK1, PKCpBI, PKCRII, and PKCH, either directly
or through scaffold proteins, generating an emerging K 1.5
channelosome in HEK293 cells and ventricular tissue.

EXPERIMENTAL PROCEDURES

Expression Plasmids, Cell Culture, and Transient Trans-
fection—Human K 1.5 and K,31.3 in pBK have been extensively
characterized (4). Human K 1.5 (—22 to 1,894 nucleotides) and
K,B1.3 (—53 to 1,500 nucleotides) were inserted into the same
pBK vector, with the K,1.5 subunit placed 3’ to the K B1.3
subunit and preceded by an internal ribosome entry
sequence, thus generating a bicistronic messenger RNA as
described previously (9). The gene encoding K, 81.3 was sub-
cloned between the Sacll and Notl restriction sites within
the polylinker of the pPCMV-Tag5A vector, which generated
a recombinant K ,31.3-Myc protein. To generate K 2.1-HA,
the HA epitope was inserted after Gly-217 of the rat K 2.1
c¢DNA, placing the epitope in the extracellular S1-S2 loop
(41). In some experiments, a construct with an HA tag intro-
duced into the K 1.5 S1-S2 loop was used (kindly provided by
Prof. D.J. Snyders).

HEK?293 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 10
units/ml penicillin-streptomycin (Sigma-Aldrich), and 1%
nonessential amino acids. For the electrophysiological experi-
ments, cells were transfected with K,1.5 (0.4 pug) or
K,1.5+K,B1.3 channels (0.3 wg) and a reporter plasmid
expressing CD8 (1.6 ug) using Lipofectamine 2000 (10 ul)
(Invitrogen). Before experimental use, the cells were incubated
with polystyrene microbeads precoated with an anti-CD8 anti-
body (Dynabeads M450, Dynal) as described previously (5, 7,
42). For the immunocytochemistry and immunoprecipitation
studies, the cells were cotransfected with 0.5 ug of K 1.5 or
K,2.1-HA and 1 pug of K ,31.3-Myc cDNA.

Inhibitors, Antibodies, and siRNA—Calphostin C, G66976,
G066983, hispidin, and PKC{ pseudosubstrate inhibitor (PKC¢-
PI) were from Calbiochem (Merck KGaA). Donkey anti-goat
antibody was from Santa Cruz Biotechnology (Santa Cruz, CA),
and goat anti-mouse and goat anti-rabbit antibodies were from
Calbiochem (1:10000); all of them were horseradish peroxi-
dase-conjugated. The polyclonal rabbit antibody anti-K 1.5
(1:1000) was purchased from Alomone Labs, the monoclonal
anti-Myc (1:500) and anti-B-actin (1:40000) antibodies were
from Santa Cruz Biotechnology, anti-K 1 (1:500) was from
Abcam (Abcam Limited), and anti-HA (1:250) was from Novus
(Novus Biologicals). Monoclonal antibodies specific for the
PKC isoforms (1:200) and anti-RACK1 (1:500) were from Santa
Cruz Biotechnology.

To knock down all PKC isoforms, we transfected HEK293
cells with PKC-specific small interfering RNAs (siRNAs) pur-
chased from Santa Cruz Biotechnology, according to the man-
ufacturer’s instructions. The PKC siRNA contains five target-
specific 19 —25-nucleotide siRNAs that are designed to knock
down gene expression. The most efficient transfection results
were obtained with 50 nM of the siRNA duplexes transfected
72 h prior to the experiments.
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Electrophysiological Recordings and Data Acquisition—The
intracellular pipette filling solution contained the following (in
mMm): 80 potassium aspartate, 42 KCI, 3 phosphocreatine, 10
KH,PO,, 3 MgATP, 5 HEPES-K, and 5 EGTA-K (adjusted to
pH 7.25 with KOH). The bath solution contained the following
(in mm): 140 NaCl, 4 KC], 1.8 CaCl,, 1 MgCl,, 10 HEPES-Na,
and 10 glucose (adjusted to pH 7.40 with NaOH). Currents were
recorded using the whole-cell configuration of the patch clamp
technique with a patch clamp amplifier (Axopatch-200B patch
clamp amplifier; Molecular Devices) and stored on a personal
computer (TD Systems) with a DigiData 1440A analog-to-dig-
ital converter (Molecular Devices). PClamp version 10 software
was used for both data acquisition and analysis (Molecular
Devices). Currents were recorded at room temperature (21—
23 °C) at a stimulation frequency of 0.1 Hz and were sampled at
4 kHz after antialias filtering at 2 kHz. The average pipette
resistance ranged between 1 and 3 megaohms (n = 70).
Gigaohm seal formation was achieved by suction (2-5
gigaohms, n = 70). After seal formation, the cells were lifted
from the bath, and the membrane patch was ruptured with a
brief additional suction. The capacitive transients elicited by
symmetrical 10-mV steps from —80 mV were recorded at 50
kHz and filtered at 10 kHz for subsequent calculations of the
capacitive surface area, access resistance, and input impedance.
Thereafter, the capacitance and series resistance compensation
were optimized, and usually 80% compensation of the effective
access resistance was obtained. MicroCal Origin 7.05 (Origin-
Lab Co) and the Clampfit utility of pClamp 9 were used to
perform least squares fitting and for data presentation. Deacti-
vation and inactivation were fitted to a biexponential process
with an equation of the form y = A exp(—¢/7;) + Aexp(—t/1,)
+ C, where 7, and 7, are the system time constants, A; and A,
are the amplitudes of each component of the exponential, and C
is the baseline value. The voltage dependence of the activation
curves was fitted with a Boltzmann equation: y = 1/(1 +
exp(—(V — V,)/s)), where s represents the slope factor, V rep-
resents the membrane potential, and V), represents the voltage
at which 50% of the channels are open.

Protein Extracts, Immunoprecipitation, and Western Blot—
For total protein extraction from HEK293 cells, the cells were
washed twice in chilled phosphate-buffered saline (PBS) and
centrifuged at 3,000 X g for 10 min. The pellet was then lysed in
ice-cold lysis solution (20 mm HEPES, pH 7.4, 1 mM EDTA, 255
mM sucrose supplemented with Complete protease inhibitor
mixture tablets (Roche Diagnostics)), and homogenized by
repeated passage (10 times) through a 25-gauge (0.45 X 16 mm)
needle. Homogenates were further centrifuged at 10,000 X g for
5 min to remove nuclei and organelles. Samples were separated
into aliquots and stored at —80 °C. For immunoprecipitation
assays, we isolated membrane protein from the total protein
extract by an additional centrifugation at ~150,000 X g for 90
min. The pellet was resuspended in 30 mm HEPES (pH 7.4), and
the protein content was determined using the Bradford Bio-
Rad protein assay (Bio-Rad). Ventricular (principal coronary
arteries excluded) and atrial tissues from male Wistar rats were
kindly provided by Drs. A. Cogolludo and F. Pérez-Vizcaino
(Universidad Complutense de Madrid, Spain). After dissection,
cardiac tissue was frozen in liquid nitrogen and homogenized in
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a glass potter (300 uland 3 ml of the lysis buffer described above
were used for atria and ventricles, respectively). The homoge-
nate was centrifuged at 6000 X g for 10 min at 4 °C. The super-
natant was collected, separated into aliquots, and stored at
—80 °C until its posterior analysis.

For the coimmunoprecipitation experiments, the homoge-
nates were resuspended in 150 ul of immunoprecipitation
buffer (1% Nonidet P-40, 10% glycerol, 10 mm HEPES, and 150
mM NaCl supplemented with Complete protease inhibitor mix-
ture tablets (pH = 7.8) (Roche Diagnostics)) and homogenized
by orbital shaking at 4 °C for 1 h. 300 ug of crude membrane
protein was used for HEK293 cells, 500 g was used for rat atria,
and 1500 ug was used for the ventricular tissue. Proteins were
then incubated with 20 ul of immunoprecipitation buffer-pre-
washed Sepharose protein A/G beads (Santa Cruz Biotechnol-
ogy) for 2 h at 4 °C, and contaminant-bound Sepharose beads
were separated by centrifugation for 30 s at 5000 X g at 4 °C.
The supernatant was incubated with 4 ng of polyclonal anti-
K,1.5 (Alomone Labs) or monoclonal anti-RACK1 antibody
(Santa Cruz Biotechnology) for each microgram of protein,
overnight at 4 °C with orbital shaking. Approximately 20 —30 ul
of PBS-washed Sepharose protein A/G beads was then added to
the mixture followed by incubation for 2 h. Sepharose beads
bound to antibody-protein complexes were precipitated by
centrifugation (30 s at 5000 X g at 4 °C), and antibody-bound
beads were then washed twice with immunoprecipitation
buffer and centrifuged for 30 s at 5000 X gat room temperature.
In the case of cardiac tissue samples, coimmunoprecipitation
was performed using Pierce® Direct IP kit (Thermo Scientific)
following the manufacturer’s instructions.

Total protein extracts and immunoprecipitated protein sam-
ples were resuspended in 1X SDS (2% 3-mercaptoethanol) and
boiled at 100 °C for 5 min. The samples were then centrifuged
for 3 min at 5,000 X g at room temperature, and 25-50 ul of
protein extract was separated by SDS-PAGE (7, 10, or 15%
acrylamide/bisacrylamide) gels. The proteins, transferred to
PVDF membranes, were probed with anti-K 1.5, anti-Myc,
anti-PKC, anti-K f1, and anti-RACKI1 antibodies. Secondary
antibodies were developed by ECL-Plus Western blotting
reagent (Amersham Biosciences).

Immunostaining and Confocal Microscopy—For immuno-
staining, HEK293 cells were grown on gelatin-coated coverslips
in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum. Twenty-four hours after transfection, the cells
were washed three times with PBS. For antibody-induced
patching experiments, after 30 min of incubation with blocking
solution (10% goat serum, 5% nonfat dry milk, PBS), the cells
were incubated with the S1-S2 K 1.5 external epitope antibody
(diluted 1:1000) or anti-HA (diluted 1:250) in HEPES-based
culture medium for 1 h at room temperature (43). Next, the
cells were fixed with 4% paraformaldehyde in PBS for 10 min
and blocked overnight (PBS + 5% w/v dry milk). The cells were
washed and permeabilized three times with PBS-CHAPS and
then incubated with anti-Myc antibody (1:500; PBS-CHAPS
with 10% goat serum). Next, the cells were washed three times
with PBS-CHAPS and incubated with Alexa Fluor 488 anti-
rabbit (1:500) and Alexa Fluor 594 anti-mouse (1:500) antibod-
ies from Molecular Probes. The samples were mounted with
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FIGURE 1. Modulation of K,31.3-induced fast inactivation is not due to a single PKC isoform. HEK293 cells were transiently transfected with K,1.5+K,31.3.
Representative current traces elicited by 250-ms depolarizing pulses from a holding potential of —80 mV to voltages between —80 and +60 mVin 10-mV steps
and the IV relationships in which the current magnitude measured at the end of 250-ms pulses was plotted versus the membrane potential are shown. Tail
currents were obtained upon return to —40 mV. The specific inhibitor used is indicated above each trace family.

Aqua Poly/Mount (Polysciences, Inc). Stained cells were visu-
alized using LSM510 ZEISS (Carl Zeiss) or Leica TCS SP5 con-
focal microscopes, and images were analyzed with Zeiss, Leica,
and Image] software (44).

Statistical Analysis—Data are presented as the mean = S.E.
One-way analysis of variance was used to compare more than
two groups. Statistical significance was set at p < 0.05. The
curve-fitting procedure used a nonlinear least squares (Gauss-
Newton) algorithm; the results are displayed in a linear and
semilogarithmic format together with the difference plot.
Goodness of fit was determined using the y*-square criterion
and by inspection of systematic nonrandom trends in the dif-
ference plot.

RESULTS
Modulation of K, B1.3-induced Fast Inactivation Is Not

Driven by a single PKC Isoform—Although PKC inhibition pre-
vents K B1.3-induced fast inactivation of K 1.5 channels

JUNE 15,2012 +VOLUME 287 +NUMBER 25

(9-11), the identity of the specific isoform responsible for this
phenomenon remains unknown. To that end, we first deter-
mined which PKC isoforms are expressed in HEK293 cells.
Supplemental Fig. S1 shows that HEK293 cells express all PKC
isoforms (classical: @, B, and y; novel: §, €, and 6; and atypical: {
and A/u) with the exception of the novel PKCn isoform.

Next, we performed electrophysiological experiments using
different PKC inhibitors. Fig. 1 shows representative current
traces obtained under control conditions and after PKC inhibi-
tion with different inhibitors. The characteristics of these PKC
inhibitors are shown in Table 1. With the exception of calphos-
tin C, PKC inhibitors (G66976, G66983, hispidin, and PKC{-PI)
failed to abolish K 81.3-induced fast inactivation. Only after
PKC inhibition with calphostin C did the current-voltage rela-
tionship (IV) exhibit the linearity observed when the K 1.5 cur-
rent is recorded in the absence of K 1.3. Different mecha-
nisms of action of PKC inhibitors may explain these results.
Table 2 shows the values obtained for the degrees of inactiva-

JOURNAL OF BIOLOGICAL CHEMISTRY 21419


http://www.jbc.org/cgi/content/full/M111.328278/DC1

K,1.5-K 1.3 and PKC

tion, V,,, and the inactivation and deactivation kinetics () of the
currents generated after treating the cells with various PKC
inhibitors. Remarkably, all of the tested PKC inhibitors

TABLE 1

Primary and secondary targets of the different PKC inhibitors used in
the present study
MLCK, myosin light-chain kinase.

decreased the degree of fast inactivation and slowed the fast
time constant of the inactivation process (Table 2).
siRNA-induced Down-regulation of PKC Mimics Effects of
Calphostin C—The results presented above could be explained
by either (a) an effect that requires inhibition of different PKC
isoforms or (b) a direct effect of calphostin C that is indepen-
dent of its PKC inhibitory properties. To differentiate between
these two possibilities, we performed a series of experiments in

Inhibitor IC,, Primary target Secondary target hich all PKC isof 1 d . RNA (PKC
Calphostin C 50 nm Classical and novel MLCK, PKA, PKG, p60v-src W 1ch a 1sotorms W(?re S.l enced using sl (
PKC isoforms siRNA). The greatest PKC silencing was observed 72 h after
G66976 2nM, 6 nm PKCa, PKCBI PKD (IC,, = 20 nm) ; : : ;
Cieoss oo Classical and novel PKCZ (IC, — 60 m) transient .transfectlon of siRNA duplexes at a c.oncentratlon of
PKC isoforms 50 nm (Fig. 24). In the present study, PKC siRNA led to an
Hispidin 2 pu PKCP ~75% decrease in expression of the various PKC isoforms (Fig.
TABLE 2

Electrophysiological characteristics of the K, 1.5+K, 1.3 current following exposure to different PKC inhibitors
Data represent the mean *= S.E. 7, fast inactivation kinetics; 7, slow inactivation kinetics; 7,,.: deactivation kinetics; V,: half-voltage of activation. Statistically

slow*

significant differences are indicated by asterisks.

Concentration Inactivation Teast Telow T deac v,
M % ms ms ms mV
Control 0 70 *2 35*03 120 = 8.2 47 £ 04 —21*07
Calphostin C 02,3 32 £ 6* 103 + 32° 108 + 24* -8+ 3"
Go66976 0.2 57 = 0.2* 10 £0.7¢ 124 + 8.5 51 *6 —20 £ 3.4
G06983 5 60 = 3* 6+ 0.9* 152 = 22 63 * 3* —17 = 0.7*
Hispidin 5 59 £ 2% 5*0.5* 104 = 9* 58 = 0.4* —19 £ 0.6

“ The inactivation process of K,1.5+K,31.3 channels after treatment with calphostin C could only be fitted to a monoexponential equation.
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FIGURE 2. Abolishment of fast inactivation by PKC siRNA. A, Western blots to detect PKCZ and PKC6, two of the PKCs present in HEK293 cells transfected with
either scrambled or 50 nm siRNA duplexes after 48 and 72 h of transfection (top panel). Note that the highest efficiency was obtained, in both cases, after 72 h
of transfection. Bottom panel: PKCBII expression in controls (untransfected cells) after transfection with 50 and 25 nm PKC siRNA and scrambled siRNA.
Immunodetection was performed 72 h after transfection. B, graph showing the percentage of PKC siRNA obtained in HEK293 cells measured by Western blot.
The values were quantified to those of B-actin (n = 3). C, effects of PKC siRNA on the K,1.5+K,B1.3 current. D, IV relationships obtained by plotting the current
magnitude measured at the end of 250-ms depolarizing pulses versus the membrane potential. Patch clamp experiments were repeated at least six times, and
Western blotting was performed at least three times. Reproducible results were obtained using both experimental techniques.
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FIGURE 3. Immunocytochemical staining of K,1.5 and K,31.3-Myc subunits using antibody-induced patching. A, positive control. Colocalization of the
subunits appears as yellow membrane clusters due to the merge of the green (K, 1.5) and red (K, 81.3-Myc) channels after detection with secondary fluorescent
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colocalization is visualized as an absence of yellow fluorescence. C, calphostin C-treated (200 nwm) cells transiently transfected with K,1.5+K,81.3-Myc; yellow
fluorescence is evident in patches of the membrane, indicating colocalization of K, 1.5 and K,81.3-Myc subunits in the cell membrane. In all pictures, the bar
represents 5 um. D, histograms of the pixel-by-pixel analysis of the section indicated by lines in Merge panels in A, B, and C, respectively.

2B, supplemental Table S1). Fig. 2C shows non-inactivating
electrophysiological recordings of the K 1.5+ K 31.3 channels
after PKC siRNA treatment. Voltage-dependent potassium
currents were evoked by applying depolarizing pulses from a
holding potential of —80 mV to different voltages between —80
to +60 mV in 10-mV steps. Fig. 2D shows the IV relationships
measured at the end of the 250-ms pulses under these experi-
mental conditions. Under control conditions, the /V relation-
ship reached a plateau at around +15 mV. Binding of the
inactivating particle of the K B1.3 subunit is a highly voltage-
dependent process; at more positive test potentials, this binding
is more likely to occur. PKC siRNA eliminated fast inactivation,
and thus, the IV relationships obtained under these experimen-
tal conditions resembled those obtained after activation of
K,1.5 channels in the absence of K 31.3 subunits (7). Hence,
this treatment mimicked the effects of calphostin C on the cur-
rent generated after activation of K,1.5+K 31.3 channels,
which ruled out a possible direct effect of calphostin C.

K,1.5 and K, (1.3 Still Colocalize in Cell Membrane during
PKC Inhibition—If the inhibition of PKC affects the assembly of
these subunits, a physical dissociation of both proteins in the
cell membrane should be detected. To further test the above
hypothesis, we used two different experimental approaches.
First, we performed a series of experiments in which the K 1.5
and K, 81.3-Myc subunits were stained using antibody-induced
patching. This method of immunostaining is based on the for-
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mation of antibody-induced membrane patches after labeling
an external epitope of the K 1.5 channel located in the S1-S2
loop (using a custom-made polyclonal antibody that recognizes
this epitope). Fig. 34 shows the colocalization of K,1.5 and
K, B1.3-Myc (n = 28). This pattern is specific because, as
expected, K 2.1 and K, 81.3-Myc (n = 8), which do not coas-
semble (45, 46), did not colocalize (Fig. 3B). Interestingly, we did
not detect differences in the degree of colocalization between con-
trol and calphostin C-treated cells (n = 29) (Fig. 3D).

Given the widespread cellular distribution of K 31.3, we next
analyzed via immunoprecipitation whether K, 1.5 and K, 381.3
remained associated with K 1.5 following calphostin C-medi-
ated PKC inhibition. Fig. 44 shows that K 1.5 protein was
immunoprecipitated in the presence but not in the absence of
anti-K,1.5 antibody. As shown in Fig. 4B, we did not observe
any K, 81.3-Myc signal in untransfected cells or in cells trans-
fected with K, 1.5 alone. However, the K, 81.3 subunit remained
associated with K 1.5 under control conditions and after cal-
phostin C treatment, which suggests that these proteins do not
dissociate following treatment with calphostin C.

Positive Potentials Up to +100 mV Reveal Presence of K, 31.3—
Assembly of the K (1.3 subunit causes fast inactivation of the
K, 1.5 outward current (45, 47—49). Therefore, it was surprising
to observe that even when these subunits remained assembled,
K, B1.3-induced fast inactivation was abolished either by inhi-
bition of PKC with calphostin C or by silencing PKC.
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FIGURE 4. Immunoprecipitation of K,1.5 with K ,31.3-Myc. A, negative
(Ab—) and positive (Ab+) control immunoprecipitations (/P) blotted against
K,1.5 channels. Supernatants (S) are also shown. WB, Western blot. B, immu-
noprecipitation of K, 1.5 channels and blotting against K,31.3-Myc revealed
the coimmunoprecipitation of both subunits, indicating that the protein
assembly was not abolished by PKC inhibition. The arrow indicates the
KvB1.3-Myc epitope. The band that appears with a molecular mass of 50 kDa
corresponds to the immunoglobulin heavy chain.

K,1.5+K,B1.3 currentisactivated at —30 mV and inactivates at
potentials positive to 0 mV, exhibiting a degree of inactivation
of 70 = 2% (n = 23) when measured at +60 mV (Fig. 1). After
PKC inhibition with calphostin C- or siRNA-mediated PKC
silencing, K,1.5+K, 1.3 currents showed a degree of slow inac-
tivation that ranged between 20 and 30%, whereas pulse steps to
potentials positive to +60 mV revealed the presence of the typ-
ical K,B1.3-induced fast inactivation (Fig. 54). Fig. 54 also
shows the mean values of the inactivation degrees obtained at
+100 mV recorded in at least four experiments. These results
further suggest that K 1.5 and K,31.3 remain assembled after
PKC inhibition.

This outcome suggests that after PKC inhibition, the inacti-
vation curve of K,1.5-K 1.3 current is shifted toward more
positive membrane potentials. To test this hypothesis, a series
of experiments was performed in which a double-pulse proto-
col was applied (Fig. 5B). These results show that the inactiva-
tion curve in calphostin C-treated cells was shifted toward
more positive potentials (V,, = —26.5 * 0.6 versus —8.5 = 1.9
mV in the presence and in the absence of calphostin C, respec-
tively; n = 10; see Fig. 5C and Table 3). Moreover, the degree of
inactivation in calphostin C-treated cells decreased from
473 £5.7% (n = 5) to 34.6 £ 2.2% (n = 7) (p < 0.05).

Effects of PIP, and OAG on K,B1.3-induced Fast
Inactivation—It has been proposed that PIP, associates with
the N terminus of the K 1.3 subunit, and when the 3 subunit
dissociates from PIP,, it assumes a hairpin structure that can
enter the central cavity of an open K 1.5 channel, triggering
N-type inactivation. Therefore, it has been suggested that
K,B1.3-induced fast inactivation is mediated by equilibrium
binding of the N terminus of K 81.3, which switches between
binding to phosphoinositides (PIPs) and the inner pore region
of K, 1.5 channels (50). Moreover, stimulation of al-receptors
activates PLCy, which is capable of cleaving PIP, into IP, and
DAG, thus activating classical and novel PKCs. Thus, the effects
of PIP, and OAG (a nondegradable DAG analog) were analyzed
by adding them to the internal solution (Fig. 6). Cells dialyzed
with PIP, exhibited a lower degree of fast inactivation just after
patch rupture in comparison with control cells (55 = 4% versus
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68 = 6%, n = 4, p < 0.05) (Fig. 6A). Also, after 8 min of dialysis
with PIP,, the degree of N-type inactivation increased signifi-
cantly (from 55 = 4% to 70 * 4%, n = 4, p < 0.05) (Fig. 6A).
These effects could be due to a decrease of the PIP, concentra-
tion due to its cleavage into IP, and DAG. In fact, the degrada-
tion of PIP, would increase the ability of the N terminus of
K, B1.3 to inactivate K 1.5 (50). In contrast, cells dialyzed with
OAG exhibited a degree of N-type inactivation similar to con-
trol cells, both after patch rupture and after 8 min of dialysis
with OAG (65 = 3% to 67 = 2%, n = 5, p > 0.05) (Fig. 6B). These
results are in agreement with the involvement of classical and
novel PKC isoforms in the effects of calphostin C and PKC
siRNA on the fast K B1.3-induced inactivation. To test whether
the PIP, effects at different times (¢t = 0 or 8 min) were due to
the cleavage of PIP, into DAG and IP,, a series of experiments
in which cells previously incubated with a PLC inhibitor (U73122,
10 um) and dialyzed with PIP, was performed (Fig. 6C). Under
these experimental conditions, the degree of fast inactivation was
reduced (from 69 * 2% to 62 = 2%, n = 9, p < 0.01), the time
constant of the fast inactivation was increased, and the contribu-
tion of the fast component of inactivation was decreased.

The K, 1.5 Macromolecular Complex Contains K 1.5, K, 31.3,
RACK1, PKCBIL PKCBIL, and PKCO—Several ion channels have
been reported to be modulated by PKC via RACK1 (34). We
hypothesized that K,1.5, K,81.3, and PKC form a functional
complex in which PKC activity is an essential requirement for
the induction of fast and incomplete channel inactivation by
K,B1.3. To test this hypothesis, immunocytochemistry experi-
ments were performed (Fig. 7). Fig. 7A shows confocal images
of cells transfected with K 1.5-HA and K,31.3, in which we
stained for K,1.5 and RACK1. Fig. 7B shows confocal images of
cells transfected with K 1.5 and K 31.3-Myc, in which we
stained for K 1.3 and RACK1. As shown, under both experi-
mental conditions, colocalization was consistent between K,1.5
and RACK]1, as well as between K, 31.3 and RACK1. Given the
widespread immunolocalization patterns, we confirmed sub-
unit association using immunoprecipitation experiments. We
immunoprecipitated K 1.5 channels and blotted for PKCBII to
confirm the presence of this enzyme in the protein complexes.
As shown in Fig. 84, PKCBII signal was absent in PKC
siRNA-transfected cells. Furthermore, blots against RACK1
confirmed the interaction of K 1.5 with this adaptor protein
(Fig. 8B). Moreover, reverse coimmunoprecipitation (immuno-
precipitation of RACK1) yielded similar results, revealing the
presence not only of PKCBII (data not shown) but also of the
K,1.5 and K, 1.3 subunits (Fig. 8C). Collectively, these results
demonstrate the presence of a functional complex or channelo-
some that includes K,1.5, K 81.3, RACKI, and PKCRII. This
interaction was demonstrated in controls and was found to be
absent in PKC-silenced cells (Fig. 84). On the other hand,
because calphostin C inhibits PKC by binding to the DAG bind-
ing site, the reduced level of PKCBII in calphostin C-treated
cells is not surprising, as inhibited PKCBII may not be able to
bind RACKI in the channelosome.

To determine which PKC isoforms are present in this
macromolecular complex, a series of coimmunoprecipita-
tion experiments were performed in which we immunopre-
cipitated K, 1.5 channels and blotted for the PKC isoforms
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FIGURE 5. Voltage dependence of inactivation of K, 1.5 and K, 1.5+K,31.3. A, current traces obtained after depolarization from a holding potential of —80
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(middle) and in calphostin C-treated cells (right). B, original current records obtained in control and calphostin C-treated cells. C, voltage dependence of the

inactivation under control and after calphostin C treatment. Note that calphostin C shifts the inactivation curve to more positive potentials.

TABLE 3
Voltage-dependent inactivation parameters

V,: half voltage of inactivation. s: slope of the Boltzmann equation. Data represent the mean * S.E. of n = 7 experiments. Statistically significant differences are indicated

by asterisks.

Via Via $1 S

mV mV mV mV
K,1.5+K 1.3 —26.5 *0.6 19.0 = 0.6 4.2 *0.6 287 *78
K,1.5+K, B1.3 (calphostin C um) —8.5*1.9* 9.8+.9%

present in HEK293 cells (Fig. 9). We observed that only
PKCBI, PKCBII, and PKCO were present in the K 1.5
channelosome.

The K 1.5 Channelosome Is Present in Rat Ventricular Myo-
cytes but Not in Atrial Myocytes—Finally, we performed exper-
iments in cardiac tissue (Fig. 10). Coimmunoprecipitation
experiments were performed in which we immunoprecipi-
tated K 1.5 channels and blotted for PKCpI, PKCBII, PKC8,
RACK], and K,B1.x. Samples from ventricular homogenates
presented a K, 1.5 channelosome composed of K 1.5, K g1,
RACK1, PKCRI, and PKCBII (Fig. 10A4). Importantly, atrial
tissue did not display this K 1.5 protein complex (Fig. 10B)
because none of the proteins studied forming the K, 1.5
channelosome in ventricle coimmunoprecipitated with
K,1.5 in atrial tissue.

DISCUSSION

In the present study, we have analyzed the mechanisms by
which calphostin C-mediated PKC inhibition abolishes K 31.3-
induced fast inactivation of the K 1.5 channel. We have dem-
onstrated that the inhibition of at least classical and novel PKC
isoforms is required to abolish K B1.3-induced fast inactivation
(9, 10). Furthermore, this effect was not due to K, ,1.5+K (1.3
dissociation but due to a positive shift of the inactivation curve
driven by PKC inhibition because both subunits remained
assembled as shown by immunocytochemistry, immunopre-
cipitation, and electrophysiological experiments. We have also
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shown that at least K,31.3, RACK1, PKCpI, PKCBIL, and PKC6H
are associated with K 1.5 in HEK293 cells, forming a channelo-
some. Finally, for the first time, we provide evidence pointing to
the existence of a native ventricular cardiac K,1.5 channelo-
some, whose composition is similar to that found in HEK293
cells (with the exception of PKC6, absent in this tissue accord-
ing to our Western blot analyses, data not shown).

The stimulation of a1-receptors leads to activation of PLCy.
This enzyme cleaves PIP,, generating IP; and DAG, which acti-
vate most PKC isoforms either alone or with Ca®>", with the
exception of atypical PKCs. The N terminus of the K 31.3 sub-
unit associates with membrane-bound PIP,, and when it disso-
ciates from PIP,, it assumes a hairpin structure that enters the
central cavity of an open K, 1.5 channel, inducing fast inactiva-
tion. Thus, K, 31.3-induced fast inactivation is mediated by a
competitive binding between PIPs and the inner pore region of
K, 1.5 channels for the N terminus of K 1.3 (50). The present
results obtained for PIP, and OAG are in agreement with pre-
vious studies and indicate a fine-tuned regulation of K 31.3-
induced fast inactivation by PKC and PIP,. Moreover, the
effects of PIP, in cells in which the PLC was inhibited produced
a marked decrease of the K 31.3-induced fast inactivation. In
the absence of PIP, into the internal solution, the effects
observed were qualitatively similar (data not shown), suggest-
ing a role of PLC on the fast inactivation induced by this 8
subunit.
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FIGURE 6. Effects of PIP,, OAG, and PLC on K, 31.3-induced fast inactivation. A, representative current traces obtained after depolarization from a holding
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the degree of inactivation in control cells and in cells dialyzed with PIP, at t = 0 min and t = 8 min. Note that at t = 0, the degree of fast inactivation was
significantly lower than that after 8 min of dialysis in PIP, and control dialyzed cells. B, representative current traces obtained at +60 mVatt = 0and t = 8 min
in control conditions and during OAG dialysis. The graph shows the degree of fast inactivation in control cells and in cells dialyzed with OAG at t = 0 min and
t = 8 min. The degree of fast inactivation was similar in all experimental conditions. C, representative current traces obtained at +60 mVatt = 0 (U73122, 10
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FIGURE 7. Immunocytochemical staining of K,1.5-HA or K,31.3-Myc and
RACK1 proteins. A, cells stained with anti-K, 1.5-HA, anti-K,81.3-Myc, or anti-
RACK1. Colocalization appears as yellow fluorescence due to the merge of the
green (K,1.5-HA) and red (RACKT1) channels after detection with secondary
fluorescent antibodies. Cells were cotransfected with K,1.5-HA+K,31.3-Myc.
RACK1 is an endogenous protein. B, cells stained with anti-Myc (green) and
anti-RACKT1 (red). Cells were transfected with K,81.3-Myc alone. In all pictures,
the bar represents 5 um.
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FIGURE 8. Immunoprecipitation of K,1.5+K,1.3 channel or RACK1 with
PKCpII. A, PKCBII coimmunoprecipitated (/P) with K, 1.5. B, RACKT coimmu-
noprecipitated with K, 1.5 under all experimental conditions. The results are
representative of three independent experiments. C, coimmunoprecipitation
of RACK1 and immunodetection of K, 1.5 and c-Myc-tagged K, 31.

Most PKC isoforms redistribute into different subcellular
compartments upon activation, depending on the PKC isoform
and the cell type (36). A surprising finding of the present study
was that all of the PKC inhibitors tested (G66976, G66983, his-
pidin, and PKC{-PI), with the exception of calphostin C, failed
to abolish K, 81.3-induced fast inactivation. This result is likely
due to the different mechanisms of action of the PKC inhibitors
used. Indeed, calphostin C inhibits PKC by binding to its C1
domain (DAG and phorbol ester binding site) and then irre-
versibly inactivates the enzyme. G66983 and G66976 are com-
petitive inhibitors of ATP binding to the catalytic domain of
PKC, whereas hispidin affects both PKCBI and PKCpII trans-
location (23, 51-54). Our results suggest that inhibition of clas-
sical and novel, but not atypical, PKC isoforms counteracts
K, B1.3-induced fast inactivation and shifts the V), of the activa-
tion curve to values closer to those of K 1.5 observed in the
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absence of K B1.3, as has been described previously (9). The
potential dissociation of -3 caused by PKC inhibition was also
analyzed in the present study. Colocalization, immunoprecipi-
tation, and electrophysiological experiments revealed that
these subunits remained assembled in the plasma membrane
despite PKC inhibition by calphostin C. These results are in
agreement with the notion that K, 1.5 and K, 81.3 subunits
assemble in the endoplasmic reticulum during the early stages
of their biosynthesis (55), and a 2-h incubation with calphostin
Cis sufficient to eliminate the typical fast inactivation induced
by K,81.3 (9). Moreover, previous results reported by Kwak et
al. (9) showed that a tandem construction of K 1.5 and K 1.3,
which generates a unique protein, showed similar responses to
calphostin C (a shift in V), to more positive potentials and a loss
of fast inactivation). These results indicate that mechanisms
other than subunit dissociation must be involved in the abol-
ishment of K B1.3-induced fast inactivation produced by cal-
phostin C.

Although we were able to rule out a role for atypical PKCs,
the involvement of a specific PKC isoform in this process has
not yet been demonstrated. In addition, experiments in which
the membrane potential was depolarized to +100 mV indicated
that despite PKC inhibition (calphostin C or PKC siRNA),
K, B1.3 was still capable of conferring fast inactivation and thus
remained associated with K 1.5. Furthermore, the coimmuno-
precipitation experiments showed that K, 31.3 remained asso-
ciated with K, 1.5 despite PKC inhibition by calphostin C or by
PKC silencing by siRNA. These data suggest that K, 1.5 and
K, 81.3 subunits form a stable complex following their biosyn-
thesis in the endoplasmic reticulum and that PKC inhibition
and/or activation modulates the inactivating effect of K, 1.3. It
has been demonstrated that residues Arg-5 and Thr-6 of the
K, B1.3 subunit are involved in PIP, binding and that mutations
(alanine or cysteine) at these residues dramatically increase the
degree of K B1.3-induced fast inactivation. It has been
described that calphostin C does not modify the gating of the
K, 1.5 in the absence of B subunits (9). Therefore, it is likely that
the effects shown in the present study involve the phosphory-
lation of some residues present in the K $1.3 subunit. One can-
didate could be threonine at position 6 (Thr-6) of K ,81.3. Thus,
we may hypothesize that PKC phosphorylation of this threo-
nine or another threonine/serine at the N terminus of the
K, 1.3 subunit can lead to a diminished capability to bind PIP,,
thus avoiding the abrogation of fast inactivation caused by PIP,,.
These findings provide an explanation for the effects of PKC
inhibition on the K B1.3-induced inactivation, assuming that
phosphorylated K 1.3 cannot bind PIP,. Nonphosphorylated
K, 81.3 would be able to bind PIP,, and this binding would abol-
ish N-type inactivation (50). However, further experiments are
necessary to elucidate the residue(s) involved in this effect.

In the past decade, myriads of protein-protein interactions
involved in intracellular signaling have been described (56 —59).
Determination of the subcellular localization of signal trans-
duction proteins, enzymes, substrates, and mediators has
revealed the rapid, efficient transmission of signals either from
the extracellular medium or from intracellular sites as an essen-
tial feature of optimal signaling (60). Despite the high degree of
homology between PKC isoforms at both sequence and struc-
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tural levels, especially within the catalytic domain, each PKC
isoform mediates unique subcellular functions (29, 30) that are
dependent on the target substrate (26, 31). These localization
mechanisms are especially common in plasma membrane pro-
teins because incoming stimuli must be integrated and trans-
mitted with a high degree of efficiency. In the present study, we
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have demonstrated that K,1.5 and K,81.3 form a highly stable
protein complex, which is tightly regulated by classical and
novel, but not atypical, PKC isoforms. Furthermore, our results
show that PKCBI, PKCpII, and RACK1 coassemble with K 1.5
and K fB1.3. Therefore, the K 1.5 functional channelosome
contains at least K, 1.5, K (1.3, RACK1, PKCpI, PKCBII, and
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PKC6. Besides, a similar channelosome has been found in ven-
tricular tissue, but not in atrial tissue, showing a parallel distri-
bution to that of K 31.3 (47), which suggests an important role
of this B subunit in the constitution of the macromolecular
complex.

The presence of RACK1 in other ion channel complexes has
been previously reported. Indeed, RACK1 binds to the carboxyl
terminus of K.,1.1 channels (35). Moreover, the overexpres-
sion of RACK1 with K,1.1 channels in Xenopus oocytes shifts
the activation curve toward more positive potentials in the
absence, but not in the presence, of ectopically expressed f3
channel subunits (35). Furthermore, PKCIL, which is recruited
by RACK1, down-regulates Ca,1.2 activity following activation
(36). Besides, the functional K; 3.1 complex contains PKA, pro-
tein phosphatase 1 (PP1), PP2A/C, and RACKI. Within this
complex, RACK1 binds directly to GBvy (37) and PKC (34).
Recently, it has been described that TRPC3 regulates IP; recep-
tor (IP,;R) function by mediating interaction between IP;R and
the scaffolding protein RACK1, and the importance of the
Orail-STIM1-TRPC3-RACK1-IP;R complexes in the fine
modulation of intracellular Ca®>" stimulated by agonists of
these receptors has been reported (38). Thus, RACK1 is emerg-
ing as an important adaptor protein that may play very impor-
tant roles in the modulation of different ion channels and in the
interaction between ion pores and ancillary subunits. The vari-
ety of signaling proteins linked to RACK1 (32), which include
PKCBII (34, 40), PLCy (61), Src (62), and dynamin-1 (63),
among others, could explain the diverse effects of PKA and PKC
on the K 1.5+K 1.3 current (8 —11) and the requirement for
simultaneous inhibition of numerous PKC isoforms to abolish
fast inactivation.

In conclusion, we have analyzed the mechanisms by which
calphostin C abolishes K, 31.3-induced fast inactivation. Our
experiments demonstrate that this effect is not due to the dis-
sociation of K 1.5 and K31.3 subunits and that these subunits
remain assembled following PKC inhibition. Our experiments
additionally demonstrate that PLC is also involved in the regu-
lation of the KvB1.3-induced fast inactivation.

In addition, we have characterized a K 1.5 channelosome in
which K, 1.5, K 81.3, RACK1, PKCRI, PKCBII, and PKC6 phys-
ically and functionally interact. Importantly, we have identified
a very similar macromolecular complex in rat ventricular tis-
sue. The description and functional characterization of this
channelosome open up a variety of possible mechanisms to
explain the differences between I, recorded in ventricle and
atrium in different animal species. Differential composition of
this K 1.5 complex could constitute a primary mechanism of
capital importance for the modulation of cardiac excitability.
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