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The large conductance Ca2�-activated K� or BK channel
has a role in sensory/neuronal excitation, intracellular sig-
naling, and metabolism. In the non-mammalian cochlea,
the onset of BK during development correlates with in-
creased hearing sensitivity and underlies frequency tun-
ing in non-mammals, whereas its role is less clear in
mammalian hearing. To gain insights into BK function in
mammals, coimmunoprecipitation and two-dimensional
PAGE, combined with mass spectrometry, were used to
reveal 174 putative BKAPs from cytoplasmic and mem-
brane/cytoskeletal fractions of mouse cochlea. Eleven
BKAPs were verified using reciprocal coimmunoprecipi-
tation, including annexin, apolipoprotein, calmodulin, hip-
pocalcin, and myelin P0, among others. These proteins
were immunocolocalized with BK in sensory and neuronal
cells. A bioinformatics approach was used to mine data-
bases to reveal binary partners and the resultant protein
network, as well as to determine previous ion channel
affiliations, subcellular localization, and cellular pro-
cesses. The search for binary partners using the IntAct
molecular interaction database produced a putative glo-
bal network of 160 nodes connected with 188 edges that
contained 12 major hubs. Additional mining of databases
revealed that more than 50% of primary BKAPs had prior
affiliations with K� and Ca2� channels. Although a major-
ity of BKAPs are found in either the cytoplasm or mem-
brane and contribute to cellular processes that primarily
involve metabolism (30.5%) and trafficking/scaffolding
(23.6%), at least 20% are mitochondrial-related. Among
the BKAPs are chaperonins such as calreticulin, GRP78,
and HSP60 that, when reduced with siRNAs, alter BK�
expression in CHO cells. Studies of BK� in mitochondria
revealed compartmentalization in sensory cells, whereas
heterologous expression of a BK-DEC splice variant
cloned from cochlea revealed a BK mitochondrial candi-
date. The studies described herein provide insights into
BK-related functions that include not only cell excitation,
but also cell signaling and apoptosis, and involve proteins

concerned with Ca2� regulation, structure, and hearing
loss. Molecular & Cellular Proteomics 8:1972–1987, 2009.

BK1 channels act as sensors for membrane voltage and
intracellular Ca2�, thereby linking cell excitability, metabo-
lism, and signaling. BK channels, also known as Slo, are large
conductance channels (100–300 pS) (1) composed of four
�-subunits that are regulated by four auxiliary �-subunits. The
�-subunit of the BK channel has six to seven transmembrane-
spanning regions (S0–S6) where the S0 domain places the N
terminus extracellularly as a binding site for the beta subunit.
The transmembrane domains S1-S4 are responsible for sensing
voltage changes, whereas the pore forming region, between S5–
S6, conducts ions. BK has a large C-terminal region that contains
target sequences for channel modulation such as a Ca2� bowl,
two domains that regulate the conductance of K� (RCK1 and
RCK2), a tetramerization domain, leucine zipper motifs, a heme-
binding motif, two phosphorylation sites, and a caveolin-targeting
domain (2, see Ref. 3 for review). The leucine zipper motifs, con-
tained in the C terminus, are essential for protein-protein inter-
actions and modulating channel activity and expression.

Four genes, designated as Kcnma, encode the �-subunits
of the different Slo channels. These include Kcnma1 (Slo1),
two similar paralogs, Kcnma2 (Slo2.1 and Slo2.2), and Kc-
nma3 (Slo3). The �-subunits form homotetramers that are
K�-selective, but differ in their gating properties (2). All �-sub-
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1 The abbreviations used are: BK, large conductance Ca2�-acti-
vated K� channel; BKAP, BK-associated protein; Anxa5, annexin V;
ApoA1, apolipoprotein A1; BiP, binding immunoglobulin protein;
CaM, calmodulin; CHO, Chinese hamster ovary cells; CICR, Ca2�-
induced-Ca2�-release; CRT, calreticulin; O/N, overnight; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; GRP78, glucose-regu-
lated protein 78; GST, glutathione S-transferase; HPCAL, hippocal-
cin; HSP, heat shock protein; IHC, inner hair cell; Lin 7c, lin7 homolog
c; MP0, myelin P zero; OHC, outer hair cell; siRNA, silencing RNA;
SOD, superoxide dismutase; VDAC, voltage-dependent anion chan-
nel; RT, reverse transcriptase; IEF, isoelectric focusing; HA, hemag-
glutinin; RNAi, RNA interference; ER, endoplasmic reticulum;
ScrRNA, scrambled RNAs; RyR, ryanodine receptors; ROS, reactive
oxygen species; NIHL, noise-induced hearing loss; LC-MS/MS, liquid
chromatography tandem mass spectrometry; NMDA(R), N-methyl-D-
aspartic acid (receptor); TRP, transient receptor potential; colP,
coimmunoprecipitation.
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units have S1–S6 transmembrane domains, whereas only
Slo1 and Slo3 have an additional S0 domain and a Ca2� bowl
that is composed of a majority of either positively (Slo1) or
negatively charged (Slo3) amino acids.

BK channels are important to sensory or hair cell “tuning” in
lower vertebrates. This function is reflected by the variations
in channel kinetics found along the tonotopic gradient of the
turtle cochlea, thereby contributing to differences in electrical
resonance or tuning. In these vertebrates, BK is colocalized
with L-type Ca2� channels in presynaptic active zones (3) and
is thus coupled to neurotransmitter release as described for
the nerve muscle synapse (4, 5). Although the onset of this
channel during cochlear development in both mammals and
non-mammals coincides with an increase in hearing sensitiv-
ity (6, 7), its function is less clear in the former where hair cells
are not frequency-tuned and studies report either the pres-
ence or the absence of hearing with the loss of BK (8, 9). The
BK channel has been localized to both the outer hair cells
(OHC) (10) and inner hair cells (IHC) (7, 11–13) in mammals.
However, unlike non-mammals, the BK channel appears in
both synaptic and extrasynaptic sites near the apical end or
neck of the IHC (9).

More than 100,000 expressed sequence tags have been
identified in the vertebrate cochlea (14), thus, the use of yeast
two-hybrid screening to determine BKAPs is a difficult task.
However, recent developments in proteomics in combination
with immunoprecipitation and LC-MS/MS analysis, allow for the
efficient identification of interacting partners. Thus far, more
than forty different expressed sequence tags have been identi-
fied in other tissues; most of these proteins interact with the C
terminus of the channel to modulate expression as well as
function (15).

In the present study, we determined putative BKAPs in
mouse cochlea by coIP and mass spectrometry followed by
further validation using reciprocal coIP, colocalization, and
siRNA. We identified 174 BKAPs in 30-day-old mouse co-
chlea, which were further analyzed using bioinformatics. A BK
interactome revealed several insights into BK function and
common cellular pathways and processes. This approach
identified novel BK� complexes with important roles in devel-
opment, calcium binding, and chaperone activity as well as
hearing loss.

EXPERIMENTAL PROCEDURES

Coimmunoprecipitation—A total of 16 cochleae were excised from
30-day-old CBA/J mice and immersed in 100 �l of lysis buffer con-
taining 50 mM Tris-HCl, pH 8.0, 120 mM NaCl, 5 mM EDTA, 50 mM

NaF, 500 �g/ml AEBSF, 10 �g/ml leupeptin, 10 �g/ml pepstatin A, 2
�g/ml aprotinin, and 5 �M okadaic acid, as described previously (16)
and sonicated (Sonic Dismembrator Model 100; Thermo Fisher). The
resulting lysate was centrifuged for 2 min at 700 � g and the superna-
tant removed to another tube. The pellet was resuspended with 100 �l
of lysis buffer, sonicated, and centrifuged again. The supernatant was
removed and combined with the previous extract and centrifuged at
100 k � g for 1 h at 4 °C. The supernatant, comprising the cytoplasmic
fraction, was transferred into a fresh tube and placed on ice.

Initial solubility tests of the membrane/cytoskeleton fraction, using
detergents such as CHAPS, octyl �-glucoside, dodecyl �-maltopy-
ranoside, and ASB-14 revealed that ASB-14 gave the best separation.
Thus, this fraction was prepared by solubilizing the pellet in 130 �l of
lysis buffer containing 0.1% ASB-14 (Calbiochem), followed by vor-
texing at 1500 rpm (MixMate, Eppendorf) for 10 min and agitating on
a rocking shaker for 1 h at 4 °C. Both fractions were precleared using
10 �l of rec-Protein G-Sepharose 4B beads (Invitrogen) for 15 min.
The cytoplasmic and membrane/cytoskeletal fractions were divided
equally into four pairs of tubes, each set containing both fractions. One
set served as the coIP proteins, the second as the total proteome, the
third as a matrix bead control, and the fourth as an additional negative
control, by using an antibody to the vesicular stomatitis virus (Bethyl
Laboratories), which is nonspecific to the cochlea. Six �g of an anti-BK�

polyclonal antibody (Chemicon; amino acid residues 1098–1196 of
mouse Kcnma1) was added to fractions to be used for coIP. Samples
were incubated with rocking for 1 h at 4 °C. Immunocomplexes from the
coIP fractions were captured by adding 25 �l of protein G beads and
rocking for 1 h at 4 °C. Another 25 �l of protein G beads were added to
the matrix control fractions. Beads were washed with Tris-buffered
saline/Tween 20 [50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% Triton
X-100] buffer four times to remove nonspecific proteins. Immunocom-
plexes were eluted by adding 62.5 �l of two-dimensional sample buffer
[7 M urea, 2 M thiourea, 0.5% pI, 3/10 carrier ampholytes (Bio-Rad),
0.4% ASB-14 and protease/phosphatase inhibitors] and 62.5 �l of
two-dimensional rehydration buffer [7 M urea, 2 M thiourea, 0.2% carrier
ampholytes, 100 mM dithiothreitol, and 0.4% ASB-14]. Samples were
vortexed and centrifuged at 1500 � g for 10 min at RT. The supernatant
was aliquoted into separate tubes for proteomic analysis. Experiments
were repeated four times, and results from at least two were sent for MS
analysis.

PAGE and MS Analysis—IEF was performed using 7-cm immobi-
lized pH gradient (IPG) gel strips, pH 3–10 (Protean IEF Cell System,
Bio-Rad). Proteins were resolved by IEF in the first dimension and
SDS-PAGE (12% acrylamide) in the second dimension. Precision Plus
(Bio-Rad) molecular weight marker was used to determine relative
mobilities. Gels were stained with Coomassie Brilliant Blue-R250, and
images were captured using the Molecular Imager versa doc MP
Imaging System (Bio-Rad). The resolution of the scanning gel was 53
�m, and images were processed with the standard version of
PDQUEST software (Bio-Rad), which was used to identify spots by pI
and molecular weight with the help of standards. Spot sets, common
to both immunoprecipitated and matrix control gels were eliminated
from further analysis. Gel images of non-immunoprecipitated (total
proteome) and immunoprecipitated proteins were compared and
spots common to both coimmunoprecipitated fractions were excised
and subjected to reduction, alkylation, and trypsin digestion as de-
scribed previously (16–17). Peptides were extracted and concen-
trated under vacuum centrifugation.

A nanoflow liquid chromatograph (1100, Agilent, Santa Clara, CA)
coupled to an electrospray ion trap mass spectrometer fitted with a
chip-based ion source (HCT Ultra, Agilent) was used for tandem mass
spectrometry peptide sequencing experiments. Following capture on
a C18 reverse phase trap column, peptides were separated with a
C18 reverse phase analytical column using a 30 min gradient from 5%
buffer A to 50% buffer B [buffer A: 2% acetonitrile/0.1% formic acid;
buffer B: 90% acetonitrile/0.1% formic acid]. Trap and analytical
columns were contained on an Agilent Protein Identification Chip
(G4240–62002) that has a 40 �l enrichment column and a 75 �m �
150 mm analytical column. Both columns were packed with 5-�m
SB-Zorbax C-18 reverse phase medium. Loading was performed at 4
�l/min followed by valve switching and LC-MS/MS at 300 �l/min. Five
tandem mass spectra were acquired for each MS scan; prior precur-
sors were excluded for 60 s.
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The peaklist-generating software was DataAnalysis version 3.4
(Bruker Daltonic GmBH). Sequences were assigned using MASCOT
version 2.1.03 search engine (Matrix Science) against the National
Center for Biotechnology Information nonredundant database (NCBI
nr 2006.12.05) selected for Mus musculus (107924 entries). Precursor
mass tolerance was � 2.5 Da (monoisotopic) and fragment ion toler-
ance was � 0.80 Da (monoisotopic). No fixed modifications were
selected. Variable modifications consisted of carbamidomethylation
(C), carboxymethylation (C), and oxidation (M). A maximum of two
missed tryptic cleavages were allowed. Peptide assignments were
manually verified by inspection of the tandem mass spectra and
consistency with expected gas phase fragmentation patterns. Scaf-
fold (version 01 07 00; Proteome Software) was used to validate
MS/MS peptides and for protein identification. A 95% confidence
level was assigned for the score values of individual spectra, and
peptides were selected as specified by the Peptide Prophet algo-
rithm. In addition, a false discovery rate (i.e. false positives and
negatives) was determined for the obtained spectra by sampling
every fifth file against a database of reversed mouse sequences,
using Scaffold for the analysis.

Database Analyses—The search for additional proteins (i.e. sec-
ondary) that interact with primary BKAPs was performed using the
Envision tool to search the molecular interaction database IntAct
(18). The search was limited to murine proteins and was not ex-
tended to orthologues in other species. Colocalization data (e.g.
cosedimentation) were not included in the final results. Interaction
networks were visualized, modeled, and analyzed using the pro-
gram Cytoscape (19). Proteins in the network were labeled accord-
ing to UniProtKB nomenclature and color-coded according to the
fraction from which they were obtained (membrane/cytoskeleton
versus cytoplasmic) as well as the database (i.e. IntAct) and sub-
cellular localization.

Reciprocal Coimmunoprecipitation—Reciprocal coIPs were ac-
complished as described above, except that antibodies to various
proteins determined as potential BKAPs from the MS analyses were
used to immunoprecipitate BK� from combined membrane/cytoskel-
etal and cytoplasmic fractions prepared from cochlear tissues. Anti-
bodies included anti-14-3-3 � (BIOMOL); annexin V, apoA1, cofilin, lin
7c, �-actin, GAPDH, GST, hippocalcin, MP0 (Abcam), and calmodulin
(Invitrogen) antibodies. Immunoprecipitation was accomplished by
using the immunocomplex capture technique. Five �g of antibody
was added to the sample and incubated at 4 °C for 1 h with rocking.
Beads were added and the sample again incubated for 1 h. Immu-
nocomplexed beads were washed five times in lysis buffer, eluted in
sample buffer (Sigma), and heated at 70 °C for 10 min. Samples were
fractionated on a 10% SDS-PAGE gel and transferred to a nitrocel-
lulose membrane (Protran BA; Schleicher & Schuell). Blots were
blocked in phosphate-buffered saline/Tween 20 [100 mM phosphate
buffer, pH 7.4, 150 mM NaCl, 0.1% Tween 20], containing 5% milk for
1 h, and probed with BK� polyclonal antibody at 1:250 (Chemicon),
followed by donkey anti-rabbit horseradish peroxidase-conjugated
secondary antibody at 1:6000 (Amersham Biosciences). Controls
consisted of pre-adsorbing the anti-BK� antibody with antigen (3:1)
for 1 h at RT, incubating samples with uncomplexed beads, and
immunoprecipitating BK� using anti-BK antibody. Immunoreactive
bands were developed using enhanced chemiluminescence (Amer-
sham Biosciences). Magic Mark XP (Invitrogen) was used as the
protein standard to estimate relative mobilities.

Immunohistochemistry and Confocal Imaging—Mice cochleae
were isolated, dissected, and fixed O/N at 4 °C by immersion in 4%
paraformaldehyde in 100 mM phosphate buffer, pH 7.4. Cochleae
were decalcified in Cal-EX decalcifying solution (Fisher) for 15 min,
cryoprotected in 30% sucrose overnight, and infiltrated in a 1:1
mixture of Tissue-Tek embedding medium (Sakura Fine-Tek) and

30% sucrose under vacuum for one hour. Cryosections of 20 �m
thickness were collected. Sections were permeabilized with 0.3%
Triton X-100, preblocked with 10% goat anti-mouse serum for 30 min,
followed by blocking with 10% goat serum for 30 min. Antibodies
used are mentioned previously, with the addition of an anti-VDAC
antibody (Abcam) for the localization of mitochondria. The tissue
sections were incubated O/N at 4 °C in primary antibody diluted in the
blocking solution. Detection was performed using anti-mouse Alexa
594 (BK) and anti-rabbit Alexa 488 (BKAPs)-conjugated secondary
antibodies (Invitrogen). Sections were mounted in Vectashield mount-
ing medium containing 4�,6-diamidino-2-phenylindole (Vector Labo-
ratories). No immunoreactivity was detected in the absence of the
primary antibodies. Sections were imaged with a Leica SP5 AOBS
tandem scanning inverted confocal microscope. Z-stacks were ac-
quired using a step size of 0.2 �m.

Cloning and HA-tagging of a BK� Splice Variant from Mouse Co-
chlea—A mouse BK-DEC splice variant (GenBank accession no.
FJ872117) was cloned from total RNA extracted from mouse cochlea
by RT-PCR using a forward primer with a BglII restriction site, 5�-G-
GAAGATCTCCCAAGA TGGATGCGCTCATCA-3� and a reverse
primer, with a SalI restriction site, 5�ACGCGTCGACAGTTCTGG TC-
TCCTGGGAGT-3�. The PCR product was purified (QIAquick PCR
purification kit; Qiagen) and cut at restriction sites BglII and SalI at
37 °C O/N. The insert was gel-purified (StrataPrep DNA gel extraction
kit; Stratagene) and inserted into pcDNA3.1(�) (Invitrogen) at restric-
tion sites BamHI (5�) and XhoI (3�). Tandem hemagglutinin (HA)-
tagged BK vector was generated using the pcDNA3.1-BK-DEC vari-
ant as a PCR template. The forward primer, which included a HindIII
(5�) site and a tandem HA-tagged sequence for linkage to the N
terminus of BK-DEC, consisted of 5�-CCCAAGCTTACCATGGGATA-
CCCTTACGACGTTCCTGATTACGCTTACC CTTACGACGTTCCTGA-
TTACGCTATGGATGCGCTCATCATACCGGTGA-3�. The reverse
primer was set for the BK HindIII site and consisted of 5�-CCCAAG-
CTTCACAAAACACAGCTC ACAAACAGTAGGGA-3�. The fragment
was gel-purified and ligated into pcDNA3.1/BK-DEC. All primers were
acquired from Integrated DNA Technologies.

Transfection of siRNA and BK-DEC—CHO cells were cultured in
60-mm dishes and maintained in minimal essential medium (�-MEM;
Invitrogen) supplemented with 10% fetal bovine serum. Exogenous
siRNAs to mouse CRT and GRP78/BiP (Stealth Select RNAi, Invitro-
gen) and HSP60 (Silencer Select RNAi, Ambion) were used in silenc-
ing studies along with ScrRNA (Stealth Select RNAi) that served as
negative controls for low-, medium-, and high-GC content RNAi.
Transfections were performed using 8 �l/plate of Lipofectamine2000
(Invitrogen), 1 �g of HA-tagged BK-DEC/pcDNA 3.1, and pooled
siRNA concentrations of (�M): 150 CRT, 300 GRP78, and 500 HSP60,
along with equal concentrations of scrambled RNAs. siRNAs were
mixed in a 1:1:1 ratio targeted to the following sense strands (5�-3�)
for CRT, UUAAAGAUGACAUGAACCUUCUUGG, AAAUCGGGCAU-
CUUGGCUUGUCUGC, and UUGUCUGGCCGCACAAUCAGUG-
UGU; GRP78, UGAUGUAUGCUCUUCACCAGUUGGG, UUUAUCU-
CCAAUCUGGUUCUUGAGA, and AGAACUUGAUGUCCUGCU-
GCACCGA; and HSP60 CCCUGAAUGAUGAGCUAGATT, GAAAGG-
GUGUCAUCACAGUTT, and UCAAAAGUGUGAAUUCCAATT. After
5 h of incubation, transfection medium was replaced with fresh sup-
plemented �-MEM. After 48 h of incubation, the cells were harvested
and sonicated on ice in lysis buffer. Lysates were centrifuged at 100 k
� g for 20 min at 4 °C. Protein concentrations were determined by DC
protein assay (Bio-Rad) per manufacturer’s instructions. Forty �g of
protein was fractionated on a 7.5% SDS-PAGE gel and transferred to
a nitrocellulose membrane. Primary antibodies used were monoclonal
anti-HA tagged (1: 5000; Sigma), polyclonal anti-CRT (1:1000; Ab-
cam), polyclonal anti-GRP78 (1:500; Calbiochem), and polyclonal
anti-HSP60 (1:30,000; Abcam). Immunoreactive bands were devel-
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oped using enhanced chemiluminescence (Amersham Biosciences)
and Magic Mark XP (Invitrogen) was used as the protein standard to
estimate relative mobilities.

Mitochondrial Studies—Mitochondria were isolated from 16 mouse
cochleae and from one mouse cerebellum using a kit per manufac-
turer’s instructions (Qproteome, Qiagen). Briefly, cochlea and cere-
bellum were rapidly excised and stored at �80 °C. Tissues were
rinsed in ice-cold phosphate-buffered saline, sonicated in lysis buffer
containing a protease inhibitor mixture for 10 s on ice, and incubated
end-over-end for 10 min. After a 10 min spin at 1000 � g, the pellet
was resuspended in disruption buffer and triturated. The preparation
was spun at 1000 � g for 10 min and the previous disruption step
repeated. Supernatants were combined and centrifuged at 6000 � g
for 10 min. The pellet was resuspended in purification buffer, layered
on the surface of a density gradient, and spun at 20,800 � g for 15
min. Mitochondria were removed from the respective gradient, diluted
in storage buffer, and spun at 8000 � g for 10 min. The pellet was
resuspended in storage buffer and stored at �80 °C. Purified mito-
chondria were solubilized in lysis buffer and then incubated with 8 �g
of polyclonal anti-BK antibody bound to protein G beads. Bound
beads were washed five times in phosphate-buffered saline and
eluted in boiling sample buffer followed by fractionating the eluate by
SDS-PAGE on a 7.5% gel. Proteins were blotted and probed with
anti-BK antibody (1:200) or with pre-adsorbed antibody (3:1).

CHO cells were transiently transfected with 1 �g of pcDNA3.
1/BK-DEC in fusion, at the C terminus, with the fluorescent indica-
tor mCerulean-C1 using Lipofectamine. After �48 h, live cells were
stained with MitoTracker Red CMX-ROS (Invitrogen) per manufac-
turer’s instructions and viewed with a Leica SP5 confocal micro-
scope. Cerulean was pseudo-colored dark green to visualize over-
lap with red.

RESULTS

Identification of BKAPs in Mouse Cochlea—BKAPs were
identified in the mouse cochlea by using a combination of
coIP, two-dimensional gel electrophoresis, and LC-MS/MS
analysis. The overall schematic representation of the pro-
teomics approach used is shown in Fig. 1A. An anti-BK
�-subunit antibody was used to immunoprecipitate BK com-
plexes from both membrane/cytoskeletal and cytoplasmic
fractions. Protein profiles of mouse cochlea were obtained by
isoelectric focusing followed by SDS-PAGE (Fig. 1, B–E). A
total of 112 distinct spots from the membrane/cytoskeletal
fraction and 71 from the cytoplasmic fraction were identified
from the coIP assay using two independent LC-MS/MS anal-
yses (Fig. 1, B and C and supplemental Tables 1 and 2), as
compared with a total of 322 and 282 features found, respec-
tively, for the non-immunoprecipitated fractions (Fig. 1, D and
E). The majority of spots occurred in a wide range of molecular
weights and isoelectric points (10–150 kDa and 4.0–8.5 pI).
Once identified by MS, the variance between the observed
(gel) and theoretical (MS) weights was � 5 kDa when confirm-
ing protein names. Once redundant proteins were accounted
for in the coIP-derived results, there were a total of 103 and 71
distinct proteins from membrane/cytoskeletal and cytoplas-
mic fractions, respectively. Of these 174 proteins, 118 had
�10 tandem peptides that matched, while 141 had a MAS-
COT score of 300 with �8% sequence coverage. However,
eight proteins were common to both cell fractions and in-

cluded annexin V, �-actin I propeptide, 14-3-3 isoforms, and
calbindin.

In comparison, no protein features were observed in two-
dimensional gels for matrix controls nor when using an anti-
body nonspecific to the cochlea vesicular stomatitis virus-G
(supplemental Fig. 1). The false discovery rate was �1% as a
search through a database of reversed mouse sequences
detected only three potentially reliable peptides. The assigned
sequences had both b and y ions present in the mass tandem
spectra and there were � three modifications on the peptide.
Moreover, none of the proteins identified in the reverse data-
base achieved the MASCOT cutoff score set as a positive
identification.

Reciprocal Coimmunoprecipitation Verification and Colo-
calization—To initially validate some of the findings, we used
reciprocal coIP, using readily available antibodies. These
studies were conducted for the following proteins: �-actin,
annexin V, apoA1, calmodulin, cofilin, 14-3-3 �, GAPDH, glu-
tathione S-transferase-Mu (GST-�), hippocalcin, Lin7c, and
MP0. Some of these proteins are known to interact with BK in
other systems, whereas others are new associations. All of the
proteins examined were able to immunoprecipitate the BK
�-subunit, as identified by the polypeptide species seen at
110 kDa, when compared with an immunoprecipitation of BK.
No immunoreactive band was observed in the pre-adsorption
controls (Fig. 2).

BK is known to be present in not only the sensory cells but
also in cells of the spiral ganglion, spiral ligament, and stria
vascularis (20–22). The following BKAPs were examined with
regard to their colocalization with BK in various cell types of
the mouse cochlea: �-actin, 14-3-3 �, annexin V, apoA1,
cofilin, Lin7c, GAPDH, GST-�, hippocalcin-like 1, MP0, and
calmodulin. These proteins were colocalized with BK in hair
cells, ganglion cells, and stria vascularis, with examples
shown for hair and ganglion cells (Fig. 3).

Network of Primary and Secondary Interactions—To further
clarify the association of the primary BKAPs with BK, several
analyses were accomplished using a bioinformatics ap-
proach, including searching for and mapping extended inter-
actions and mining databases for prior ion channel interac-
tions, subcellular localizations, and cellular process attributes.
Firstly, we identified 174 primary proteins that associated with
the BK �-subunit of mouse cochlea by coIP. These primary
BKAPs were used to search the IntAct database for second-
ary protein-protein interactions. This search resulted in a total
of 199 secondary proteins involved in 234 protein-protein
interactions when limiting the search to only those interac-
tions that were classified as physical, excluding cosedimen-
tation (i.e. colocalization) data, and counting both A-B and
B-A interactions (supplemental Table 3). A total of 84 of the
same proteins from both primary and binary extended lists
were found to interact with one another.

Cytoscape was used to visualize the network composed of
primary and secondary interactions. This analysis revealed a
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network consisting of 199 nodes (proteins) and 234 edges
(lines connecting nodes) (Fig. 4, A and B). Some nodes are
connected by two edges in the network because this “double

interaction” is a result of reciprocal verification in the IntAct
database. We found that 87% of the proteins (160 nodes and
188 edges) are linked to form one large network (Fig. 4A). The

FIG. 1. Schema and results of BK� coIP assay. A, anti-BK� antibody bound to protein G beads was used to coimmunoprecipitate putative
BKAPs from cochlear fractions. Resultant complexes were fractionated on a two-dimensional gel and analyzed using LC-MS/MS. Controls
consisted of using membrane/cytoskeletal and cytoplasmic lysates in the absence of beads and antibody (total proteome), beads alone, or a
nonspecific antibody (supplemental Fig. 1). Two-demensional gel electrophoresis of BKAPs for the membrane/cytoskeletal (B) and cytoplasmic
fractions (C) shows 112 and 74 features resolved on these gels, respectively. All the numbered spots from the immunoprecipitated gels were
subjected to LC-MS/MS analysis. Regions delimited by ovals represent proteins that are common to both fractions. Two-dimensional gel
electrophoresis of the total proteome for the membrane/cytoskeletal (D) and cytoplasmic fractions (E) shows 322 and 282 visible features
resolved on the gels, respectively.
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remaining 13% are dispersed among 12 smaller networks
composed of five nodes or less (Fig. 4B). Among the larger
global network, of primary and secondary BKAPs, were
twelve major hubs, containing a central protein connected to
six or more partners, some of which were linked to the larger
global network. There were 10 proteins central to these 12
hubs as some proteins, such as calmodulin, formed more
than one hub. These central nodes included �-tubulin, ATP
synthase �-subunit, calmodulin, calrecticulin, chromobox
homolog 1, �-actin, NMDA receptor, protein kinase �, protein
SET, and ubiquitin (Fig. 4A). All interacting proteins shown in
the interactome are mouse proteins except for two, calmod-
ulin and protein SET, which are shown as both human and
mouse. This outcome was the result of affinity chromatogra-
phy experiments using either mouse or human purified pro-
teins, bound to the column, to capture mouse protein partners
from lysates.

Prior Association of BKAPs with Ion Channels—The second
approach was to manually search the literature to classify
BKAPs by prior association with ion channels, subcellular
localization, and cellular processes. This search revealed that
�63% of the BKAPs were reported previously to have an
association with ion channels from different species and en-
dorgans (Fig. 5A; supplemental Tables 4 and 5), whereas the

remaining 37% were novel protein-ion channel (BK) interac-
tions. These percentages were similar for the two cellular
fractions examined. Of the known previous associations, K�

and Ca2� channels comprised the majority. In the membrane/
cytoskeletal and cytoplasmic fractions, 16.5% and 19.7%,
had prior associations with K� channels, whereas 25.2% and
16.9% had prior associations with Ca2� channels, respec-
tively. The remaining channel associations from each fraction
were divided in descending order among BK (3.9%, 8.5%),
TRP (4.9%, 4.2%), Cl� (3.9%, 4.2%), VDAC (2.9%, 4.2%),
Na� (3.9%, 1.4%), and other channels (i.e. aquaporin, nucleic
acid, cationic; 0%–1.9%).

Subcellular Localization and Cellular Processes—Thirdly,
BKAPs were examined with respect to their subcellular
localization based on information from UniProtKB (Fig. 5B;
supplemental Tables 4 and 5). Although various proteins
may be found in different cellular compartments, the clas-
sification was based on the compartment in which the pro-
tein was primarily found. From the membrane/cytoskeletal
fraction, a majority (38.8% and 21.4%) of the proteins were
localized to the membrane and mitochondrion, respectively,
whereas in the cytoplasmic fraction, 50.7% and 19.7% were
localized to the cytoplasm and mitochondrion, respectively.
Thus, in either fraction, a large portion of BKAPs were

FIG. 2. Verification of BKAPs by reciprocal coIP. Eleven representative examples of BKAP reciprocal coIPs (lane 2; �,�) and BK� IPs (lane
3; �,�) reveal prominent immunoreactive peptide species of �110 kDa, the expected weight of the BK �-subunit. The negative control, in
which anti-BK� antibody was pre-adsorbed with peptide, did not produce immunoreactive bands for either the BKAP reciprocal coIPs (lane
5; �,�) or the BK� IPs (lane 6; �,�). The �55 kDa bands correspond to heavy immunoglobulin (IgG), resulting from the use of polyclonal
antibodies to both precipitate the proteins and probe the blots. Bead controls consisted of lysate mixed with protein G beads without antibody
(lanes 4 and 7; �, �). The lane marked “M” is the molecular weight marker. BKAPs represented include �-actin (�ACT), annexin V (Anxa5),
apolipoprotein A1 (ApoA1), calmodulin (CaM), cofilin (Cfl1), 14-3-3�, GAPDH, GST, hippocalcin 1 (Hpcal1), Lin7 homolog c (LIN7C), and myelin
P0 (MP0).
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mitochondrial-related. Those falling in the next highest cat-
egories consisted of nucleus- (10.7%, 5.6%), secretory-
(6.8%, 8.5%), ER- (8.7%, 4.2%), cytoskeletal- (6.8%, 4.2%),
and Golgi- (4.9%, 5.6%)-related proteins. The fewest num-
ber of BKAPs were ribosomal- (1%, 0%) and peroxisomal-
related (1%, 1.4%).

Fourthly, primary BKAPs were classified according to the
cellular processes by manual data mining of the PubMed
gene and literature databases and the Gene Ontology data-
base (Fig. 5 C; supplemental Tables 4 and 5). BKAPs coim-
munoprecipitated in the membrane/cytoskeletal and cyto-
plasmic fractions were associated with six specific cell
processes. From both membrane/cytoskeletal and cytoplas-
mic fractions, a majority of proteins were involved in metab-
olism- (25.2%, 38%) and trafficking/scaffolding- (34%, 8.5%)-
related processes. Among metabolically related proteins were
SOD, a hearing loss-related protein, GST-�, peroxiredoxin,
and dehydrogenases such as dihydrolipoamide dehydrogen-
ase and succinate dehydrogenase. Trafficking/scaffolding-re-
lated proteins included cofilin, tubulin, neurofilament, Lin7c,
chaperone proteins of the HSP family, and �-actin, a deaf-
ness-associated protein.

Developmental/differentiation processes (18.4%, 21.1%)
were the third largest groups and contained proteins such as
lamin A and C and valosin-containing protein, which were
involved in neuronal growth, whereas myelin basic protein,
myelin P0, and periaxin isoform L were known to play a vital
role in the myelination of neurons. The final three groups
included BKAPs that were associated with, in descending
order, signaling (18.4%, 21.1%), transport (1.9%, 7%), and
transcription/translation (1.9%, 4.2%). Signaling proteins in-
cluded both proteins with Ca2�-signaling/sensing functions
as well as those involved in signal transduction, such as
apolipoproteins and peroxiredoxin, respectively. BKAPs with
a Ca2�-binding function included hippocalcin-like 1, reticulo-
calbin 3 precursor, and calmodulin, among others. Transcrip-
tion/translation and transport and proteins included synthesis
initiation factor 4 A and calbindin2, respectively, with the latter
acting as a Ca2�-binding protein.

Silencing of Chaperonins—To determine whether BK� ex-
pression is altered by some of the discovered BKAPS, we
chose the chaperonins as an example. These included cal-
reticulin and GRP78, which are found along the protein-
folding pathway in the endoplasmic reticulum (ER), and
HSP60, which is closely linked to the mitochondria. For
these experiments, we specifically examined the expression
of an HA-tagged BK-DEC variant that was cloned from
mouse cochlear tissues. The DEC refers to the sequence at

FIG. 3. Coimmunolocalization of BK� and 11 BKAPs in various
tissues from mouse cochlea. Cochlear tissues were triple-stained
for BK� (red), BKAPs (green), DAPI (blue), with colocalization shown

in orange or yellow. Immunoreactivity for BKAPs and BK� is shown in
IHC, OHC, and ganglion cells (GC). BKAPs colocalized with BK in-
clude �-actin (�ACT), annexin V (Anxa5), apolipoprotein A1 (ApoA1),
CaM, cofilin (Cfl1), 14-3-3�, GAPDH, GST, hippocalcin 1 (Hpcal1),
Lin7 homolog c (LIN7C), and myelin P0 (MP0).
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the very end of the C terminus. Under the culture conditions
described above, treatment of endogenous calreticulin with
siRNAs resulted in an �50% knockdown of calreticulin,
compared with CHO cells treated with ScrRNA (Fig. 6A). In
turn, the reduction of calreticulin resulted in a �30% de-

crease in BK expression, 48 h after BK-DEC transfection
and treatment with siRNA (Fig. 6A). A similar outcome was
measured 48 h after CHO cells were treated with GRP78
siRNA and transfected with HA-tagged BK-DEC. Treatment
of endogenous GRP78 with siRNAs resulted in an �40%

FIG. 4. The BKAP interactome of mouse cochlea. Visualization of primary and secondary BKAPs using Cytoscape revealed 13 networks
involving 199 proteins and 254 interactions. A, of these proteins, 160 are nodes that are linked with 188 edges to form a single global network.
Within this network are 12 major hubs consisting of a single node connected to six or more nodes that may or may not be linked to the larger
network. The central nodes in these hubs include protein kinase C �, �-tubulin, calmodulin, cytoplasmic actin, NMDA receptor, calreticulin,
�-actin, protein SET, ATP synthase �, ubiquitin, and chromobox homolog. B, the remaining BKAPs consist of 39 nodes and 28 edges that form
12 smaller distinct modules, each with five or fewer nodes. Different-colored nodes represent contributions from either membrane/cytoskeletal
or cytoplasmic fractions or from the IntAct database source. Different-colored edges indicate interactions derived from the BK� coIP assays
or from IntAct. Colored fields represent portions of the network that are located in different subcellular locations. BKAPs involved in
deafness/NIHL are indicated by an additional symbol.
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reduction in GRP78, compared with CHO cells treated with
ScrRNA (Fig. 6B). This silencing in turn resulted in a �30%
decrease in BK-DEC, 48 h after transfection (Fig. 6B). In
contrast, silencing of endogenous HSP60 had an effect on
BK-DEC that was opposite to the silencing of calreticulin
and GRP78. An �13% reduction in the expression of
HSP60 resulted in a 26% increase in the overall expression
of HA-tagged BK-DEC (Fig. 6C).

BK-DEC in Mitochondria—BK� was localized to the mi-
tochondria both in vivo and in vitro (i.e. CHO cells) to further
verify BK� in mitochondria. For this purpose, a BK-DEC
variant was cloned from the cochlea and inserted in fusion
with Cerulean. This variant was used to localize BK in CHO
cells, using Mitotracker as a mitochondrial marker. Fig. 7 (A
and B) shows the splice sequences for cloned BK-DEC and

its localization (yellow) in the mitochondria of CHO cells,
respectively. To verify BK� in the mitochondria of cochlear
tissues, mitochondrial membrane was purified from whole
cochlear lysate. The purified lysate was prepared for immu-
noblotting following immunoprecipitation, using an anti-
BK� antibody, and compared with a similar preparation
made from brain. The results show bands at the expected
weight of �110 kDa, for mitochondrial preparations made
from cochlea and brain (Fig. 7C). In a final experiment, to
colocalize BK� in hair cells, an anti-VDAC channel antibody
was used as a marker for mitochondria because this chan-
nel was specific to this subcellular compartment. Using an
anti-BK� antibody, BK was colocalized in the mitochondria
with VDAC as seen by yellow fluorescence in an OHC
(Fig. 7D).

FIG. 5. Primary BKAPs and their re-
lation with ion channels, subcellular
localization, and cellular process.
A, charts show previous ion channel as-
sociations of BKAPs as reported in
PubMed for membrane/cytoskeleton
and cytoplasmic fractions of mouse co-
chlea. The two major ion channel groups
that show previous associations with
BKAPs are K� and Ca2� channels. How-
ever, �37% of the putative isolated
BKAPs have a new association with BK.
The remaining BKAPs interact with TRP,
Na�, Cl�, VDAC, aquaporin, nucleic
acid, and cation channels. B, subcellular
localization of BKAPs isolated from
membrane/cytoskeletal and cytoplasmic
fractions localized to various organelles
and cellular matrices as determined by
UniProtKB. Although a majority of
BKAPs was found in the membrane and
cytoplasm, a third major group was lo-
calized to the mitochondrion. Other pro-
teins were dispersed among various or-
ganelles including ER, Golgi, and
nucleus. C, BKAPs are classified ac-
cording to the cellular process with
which they are involved, as determined
by mining Gene Ontology, GO Slim, and
PubMed literature databases. A majority
of BKAPS was involved in cellular pro-
cesses related to metabolism and traf-
ficking/scaffolding followed by develop-
ment/differentiation, signaling, transport,
and transcription/translation.
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Summaries of some of the BKAPs from the interactome are
illustrated with regard to their putative function and location in
relation to the BK channel (Fig. 8). These locations include the
plasmalemma, mitochondria, ER, and intracellular Ca2�

stores such as the subsurface cisternae.

DISCUSSION

Despite increased interest in the composition and function
of BK in the vertebrate cochlea, there have been limited
attempts to generate an in-depth proteome analysis. Previous
studies reveal inner ear protein profiles using two-dimensional
gels (20–24), whereas cisplatin-induced damage of proteins
in the cochlea is identified by MALDI-TOF analysis (25). Using
bioinformatic techniques, we demonstrated putative primary
and binary protein-protein interactions of the BK� subunit in
cochlea and harvested potentially relevant proteins involved
in function, regulation, and metabolism.

Interestingly, in mammalian and non-mammalian verte-
brates BK appears to be different in relation to its function in
hair cells. In non-mammals, the BK channel underlies the
electrical tuning of hair cells, allowing for the tonotopic orga-

nization of this sensory epithelium. In mammals, tonotopy is
regulated primarily by the basilar membrane, as the hair cells
are not electrically tuned. This difference is further under-
scored by the functional characterization of BK channels lo-
cated both apically and basolaterally in the inner hair cells.
Immunolocalization shows strong labeling in the neck and
punctate labeling in the basolateral membrane (26). Patch
clamp studies also reveal a functional difference in that BK
channels are either activated by Ca2� via influx through L-
type Ca2� channels or by intracellular stores (27). The latter
Ca2� source is likely related to those BK channels in the apex
(28).

BK, Protein Folding, and Intracellular Ca2� Stores—Ap-
proximately, 7% of putative BKAPs presented here can be
localized to the ER or ER-like structures. Thus, the importance
of these proteins may lie in the different functions attributed to
these subcellular compartments. Among the proteins local-
ized to the ER are the chaperonins, such as calreticulin and
GRP78. These proteins are involved in folding linear amino
acids into three-dimensional proteins. As BK� shuttles

FIG. 6. Regulation of BK� expression
by chaperonins in CHO cells. A, mouse
siRNAs were used to reduce the expres-
sion of endogenous calreticulin (CRT) in
cells transfected with BK-DEC (BK� �
SiCRT). Controls consisted of CHO cells
treated with BK-DEC and scrambled
RNAs (BK� � Scr). Plots derived from
densitometry measurements made for
BK� and CRT show that a �30% reduc-
tion in BK� coincided with an �50% re-
duction in CRT following 48 h of incuba-
tion. B, siRNAs reduced the expression of
endogenous GRP78/BiP by �40%, which
resulted in a �30% decrease in BK�.
Measurements for BK� and GRP78 were
made relative to controls consisting of
cells transfected with BK-DEC and
ScrRNA. C, in contrast to the previous
chaperonins, cells treated with HSP60
siRNA showed an �13% reduction in
HSP60 that resulted in a 26% increase in
the expression of BK�. All lanes were
loaded with equivalent amounts of protein
that were calibrated as described under
“Experimental Procedures.” Experiments
were done in triplicate as independent
samples for both si- and ScrRNA groups
and �-actin served as a loading control for
all experiments. Densitometry measure-
ments for each band in a lane were normal-
ized to the highest densitometric value
(normalized to 100%) within a given set of
six lanes, consisting of triplicates for Scr-
and siRNA-treated cells. Statistical signif-
icance was determined using an un-
paired, two-tailed t test to obtain *, p �

0.05, **, p � 0.001. Error bars represent
the standard error of the mean.
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through the ER, both calreticulin and GRP78 have a direct
effect on BK expression. As the results show, disruption of
either protein via the RNA interference pathway causes a
decrease in overall BK� expression.

The second type of ER likely involved with BKAPs is the
cisternae, which are ER-like structures, found at the base and
lateral sides of inner and outer hair cells (29), and contain
ryanodine receptors (RyR). These structures regulate free cy-
tosolic Ca2�, and thus have a role in Ca2�-induced-Ca2�-
release. Consequently, they may be necessary for the activa-
tion of BK channels localized in the supranuclear regions of
the IHC membrane, as there appear to be two Ca2� sources
for the activation of BK channels in these cells. These include
channels that use extracellular Ca2� via L-type Ca2� channels
and others that appear to use intracellular stores of Ca2� (27).
Ryanodine is functionally coupled to BK channels in the
smooth muscle of cerebral arteries (30), a scenario that may
be similar in cochlea (31). However, the mechanisms for this
coupling are unknown in either of these systems. Our results
suggest several putative proteins, that may link BK with RyRs,
including GST-�, annexin, and CaM. GST is found in sensory
cells of the Organ of Corti, localized to the apical region of
both inner and outer hair cells (32). GST-� regulates cardiac

and skeletal RyR Ca2� channels (33). In comparison, annexin
not only functions in the release of Ca2� from intracellular
stores (34–35) but also acts as an organizer of membrane
domains and trafficking of proteins (36). It may attach to the
BK EF-hand domain, as annexins have a binding affinity for
EF-hand Ca2�-binding proteins. However, with channels such
as TRP and TASK-1 the link occurs via an annexin subunit/
complex known by the various names of S100A10/p11/an-
nexin II light chain (37, 38). Of particular interest, in this
dynamic, is that apolipoprotein binds to annexins in a Ca2�-
dependent manner (39). Recent data from this lab show that
the apolipoprotein, apoA1, alters the biophysical characteris-
tics of BK.2 These results suggest that these three proteins,
BK, apoA1, and annexin may form a triad that mediates Ca2�

release through RyR. Finally, CaM interacts with ryanodine
receptors, acting as both an agonist and antagonist, depend-
ing on [Ca2�]i and the type of RyR (40). CaM interacts with
both SK and IK channels providing increased Ca2� sensitivity
(41). Although less is known of interactions between CaM and
BK, Ca2�/CaM kinase II activates BK to modulate neurotrans-
mitter release, and there is evidence that CaM binding pep-
tides bind BK (42, 43).

BK and Synaptic Sites—The connection of BK to Ca2�

channels at synaptic sites is documented for the cochlea as
well as other systems. Among the BKAPs reported in the
present study is the protein Lin7c/MALS3/VELIS3, a protein
found at presynaptic sites. Its relation to Ca2� channels in the
cochlea likely lies in its interaction with �-catenin. The BKAP
�-catenin was identified using BK as bait in a Y2H screening
of a cochlea library (44). This study suggests that �-catenin
may organize BK at these sites based on previous evidence.
The PDZ heteromeric synaptic complex, of which �-catenin is
a partner, is known to contain several Lin proteins including
Lin7, which forms a complex with cadherin and needs �-cate-
nin to move from the cytosol to these sites (45). Lin2, another
partner of Lin7 in this complex, is known to bind to Cav

channels (44, 46), thus potentially providing a link between
Cav and BK. The function of the Lin7/BK interaction lies with
previous evidence showing that the presence of Lin7 in the
PDZ regulates the accumulation of binding partners at the
presynaptic complex (45). This hypothesis is further under-
scored in that Lin7 indirectly mediates the polarized expres-
sion of K� channels in the basolateral membrane of renal
epithelia, via association with Lin2 (47). Its function may be
similar with the BK channel.

Maxi-K� channels possess a transmembrane voltage sen-
sor, two distinct domains for K� conductance (RCK) and a
Ca2� bowl in the large intracellular C terminus. The Ca2� bowl
region is responsible for interacting with EF-hand Ca2�-bind-
ing proteins. At least 12% of the proteins that coimmunopre-
cipitated with the anti-BK �-subunit were Ca2�-binding pro-

2 B. Sokolowski, K. Duncan, S. Chen, J. Karolat, T. Kathiresan, and
M. Harvey, submitted for publication.

FIG. 7. Expression of mitochondrial BK� in vitro and in vivo.
A, splice sequences shown in relation to the different regions of a
BK-DEC variant cloned from mouse cochlea and used in CHO ex-
pression studies. B, live CHO cells transfected with pcDNA3.1 con-
taining Cerulean in fusion with the C terminus of the BK-DEC variant
and treated with MitoTracker (red) to identify mitochondria. Cerulean
was pseudo-colored (dark green) to visualize overlap with red as
yellow. Dark green immunostaining of BK� alone is observed at the
plasmalemma. C, immunoprecipitation of BK�, using a pure mito-
chondrial preparation from mouse cochlea (left lane) and brain (right
lane), shows bands at the expected weight of BK. D, tangential
section of an outer hair cell, as outlined in white, showing the su-
pranuclear region where BK� (red) is colocalized (yellow) in mitochon-
dria with VDAC channels (green). The nucleus (oval) is partially stained
with blue DAPI.
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FIG. 8. Putative BK-BKAP interactions derived from the BK interactome in mouse cochlea. A, 1), putative primary BKAPs at the membrane
include calmodulin, GST�, 14-3-3, ApoA1, �-actin, Lin7c, annexin V, cofilin. BK channels are known to have a functional link to RyR (30) and, thus,
possibly to intracellular stores. This link may occur via CaM or GST�. Another putative link is through annexin, which is known to regulate
intracellular Ca2� stores (34–35) and also binds to ApoA1 (39). ApoA1 alters the functional characteristics of BK. A, 2) Lin7, a primary BKAP,
potentially interacts with BK as part of the Lin7��-catenin complex. A BK link to Ca2� channels in presynaptic sites may occur via the Lin7�Lin2
complex because Lin2 is known to interact with Ca2� channels (46). A, 3) The cytoskeletal protein �-actin and cofilin, a protein involved in
disassembly of actin, are BKAPs that may link BK to the cytoskeleton. Thus, the link between BK and �-actin may be disrupted in DFNA20/26, a
mutation of �-actin that causes deafness in humans. Protein 40 kDa and calreticulin are part of this matrix as determined from the interactome. A, 4)
BKAPs associated with BKmito may play a role in regulating intracellular Ca2� in mitochondria, thus influencing apoptosis and phosphorylation. This
premise is based on the interaction with cytochrome C, ATP synthase, and GAPDH, which regulate mitochondrial Ca2�. BK� interactions with
antioxidants such as SOD, GST�, and glutathione peroxidase (GluPOD) may be involved in mediating hair cell apoptosis initiated by the activation
of ROS that can cause NIHL. The BKAP, cytochrome C, is shown in relation to BAD and Caspase-9, which are part of the hair cell apoptosis
pathway (60). In addition, our data suggest HSP60 as a part of this pathway because it regulates BK expression inversely. A, 5) While the ER is
another source for Ca2�, here BKAPs such as GRP78 and calreticulin regulate the folding and assembly of BK. B, NMDAR is a binary partner of
BK, forming a major hub in the BK interactome. There is a functional relationship to BK as NMDARs are known to provide an extracellular source
for Ca2� that activates BK. BKAPs common to both BK� and NMDAR include the structural and signaling proteins, neurofilament, and 14-3-3,
respectively, and the Ca2�-binding proteins, calbindin, and calmodulin.
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teins. This group contains non-mitochondrial proteins that
have EF-hand domains and include CaM, calbindin, and neu-
ronal Ca2� sensors, such as hippocalcin-like 1. Unlike CaM,
members of the neuronal Ca2� sensors act more as signaling
switches rather than buffers because they bind Ca2� above
resting free Ca2� levels and undergo conformational changes
once bound (48). Previous evidence implicates BK interacting
with myelin basic protein via CaM (15), whereas the other
interactions are newly reported in the present study and re-
quire further experimentation with regard to their functions.

BK, Metabolism, and Mitochondria—Approximately 22% of
the BKAPs in the present study have functions related to the
mitochondrial membrane and matrix with � 7% related to the
nucleus. BK channels have been reported in different cellular
organelles, including the mitochondria of glioma, heart, brain,
in addition to the nuclear envelope (49–52). The function and
biological relevance of BK in these organelles is still uncertain
because these discoveries are still in their early stages. None-
theless, our data suggest that at least in cells of the cochlea
there is a metabolic dynamic to BK that is in part mitochon-
drial-related. While, presently, there is no evidence of BK in
the nuclear envelope of cochlear cells, there is initial evidence
for BK in the mitochondria of hair cells, as identified by im-
munogold labeling3 and by our experiments in vitro and in
vivo. Furthermore, our data suggest that a possible candidate
for BKmito is the BK� splice variant known as BK-DEC. Pre-
vious studies show that BK-DEC has the least amount of
expression at the plasmalemma relative to other variants such
as BK-ERL and -VYR (53). Thus, its primary function may lie
with subcellular components such as the mitochondria.

Among the putative BKAPs isolated are proteins found in
the mitochondria, including HSP60, GAPDH, and the antiox-
idant enzymes peroxiredoxin, glutathione peroxidase, GST,
and SOD. GAPDH and GST were verified by reciprocal coIP in
our study, whereas the effect of SOD was demonstrated
previously with tempol, a SOD mimetic that interacts with BK�

in CHO cells, causing an increase in peak current (54). GAPDH
is involved in oxidative phosphorylation (55), and its activation
is one of the primary effects of Ca2� influx into the mitochon-
drion (56–58). Thus, GAPDH gene expression in the Organ of
Corti increases during ischemic conditions (59), a likely result
of Ca2� overload (60). Acoustic overstimulation induces the
over-accumulation of Ca2� in hair cell mitochondria, which in
turn induces ROS (60) that can lead to hair cell apoptosis
(61–62), as found in noise-induced hearing loss (NIHL). Anti-
oxidants, such as glutathione (63) and superoxide dismutase
(64), can control NIHL. BK interaction with these BKAPs may
have a role in these effects as BKmito is activated either under
physiological or pathophysiological conditions that increase
Ca2� uptake and maintain homeostasis (65). Moreover, in
brain and heart, BKmito is protective in dealing with ischemia/
ROS and/or apoptosis (65–68).

Interestingly, in cochlea, BK channels appear to have a role
in acoustic overstimulation as demonstrated in BK knockouts,
where the loss of this �-subunit results in a reduced sensitivity
to NIHL (9). Although, the mechanism for this result is not
understood, our HSP60 data provide possible links to this
discovery. HSPs are associated with NIHL in humans (69),
increase in response to acoustic overstimulation (70), and
protect the cochlea from noise damage (71). In contrast to the
outcome with calreticulin and GRP78, silencing of HSP60, in
our study, resulted in an increase in BK expression. Thus, if
HSP60 regulates BK in an inverse manner, an increase in
HSPs with acoustic overstimulation should decrease BK ex-
pression, notably BK-DEC, and thereby protect the cochlea
from noise damage.

BK, Structural Proteins, and Deafness—Among the cy-
toskeletal-related proteins identified as putative BKAPs were
�-actin and cofilin among others. Actins are among proteins
important in the regulation of ion channels as well as hearing.
BK is known to associate with both �- and �-actin in the
myometrium (2) and in conjunction with leptin it can cluster
BK channels at synapses (72). Gamma-actin is a major cy-
toskeletal protein in cochlear sensory cells and missense
mutations in its gene are associated with DFNA20/26, an
autosomal dominant, nonsyndromic, sensorineural, hearing
loss (73). Thus, it is likely this mutation would affect the
expression of the BK channel as demonstrated by F-actin,
which plays a role in the organization and reorganization of BK
via an actin-binding domain at the C terminus of BK (74).
Moreover, depolymerization of F-actin via cofilin leads to a
reduction in Ca2� currents regulated by L-type channels (75).

BK, Cell Signaling and Trafficking—Although not a primary
BKAP, our results show NMDAR as a binary partner that
forms the axis of one of the major hubs within the larger global
network. Previous evidence suggests that Ca2� influx through
(NMDARs) is directly coupled to the activation of BK channels
(76). The interactome revealed putative NMDA partners in
common with the BK channel, including 14-3-3 �, calbindin,
and neurofilament L, among others. These BKAPs may link
NMDARs to BK, for example, in dendritic endings of cochlear
ganglion cells that contain this receptor (77, 78).

As described previously, BK� interacts with chaperones
found in the ER and mitochondria. Chaperones made up
�3% of the BKAPs and also included HSP-70, HSP-90, and
DNA-J proteins. HSPs play a role in K� channel tumor regu-
lation (79), and both HSP70 and 90 are known to interact with
ion channels such as HERG (80). Of these, HSP90 was iso-
lated recently as a BK partner via the yeast two-hybrid system
in our laboratory.4 The DNA-J proteins likely act in conjunction
with HSP in BK trafficking because the various homologs, dj1,
dj2, and dj3, act as cochaperones for HSP proteins (81).

Our multiple proteomics approach provided insights into
putative intracellular pathways regulating the BK �-subunit.

3 R. Fettiplace, personal communication. 4 B. Sokolowski, unpublished data.
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While the bioinformatics approach revealed a number of po-
tential secondary BK partners and their potential functions in
the cochlea, there were certain inherent limitations. These
limits included the use of different acronyms for individual
proteins and a lack of annotations in protein databases be-
cause many interactions were not deposited in these data-
sets. Similar types of constraints are reported previously in a
bioinformatics study of ion channel genes in the cochlea,
where they affect a rigorous quantitative/statistical approach
(14). Nonetheless, these data provide insights into BK func-
tion in mammalian hair cells that lie outside those of the
plasmalemma, and may expand our ways of thinking about
the importance of this channel in auditory sensory cells.
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