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ABSTRACT
Large-conductance Ca2�-activated K� (BKCa) channels regu-
late the physiological properties of many cell types. The gating
properties of BKCa channels are Ca2�-, voltage- and stretch-
sensitive, and stretch-sensitive gating of these channels re-
quires interactions with actin microfilaments subjacent to the
plasma membrane. Moreover, we have previously shown that
trafficking of BKCa channels to the plasma membrane is asso-
ciated with processes that alter cytoskeletal dynamics. Here,
we show that the Slo1 subunits of BKCa channels contain a
novel cytoplasmic actin-binding domain (ABD) close to the C
terminus, considerably downstream from regions of the chan-
nel molecule that play a major role in determining channel-
gating properties. Binding of actin to the ABD can occur in a
binary mixture in the absence of other proteins. Coexpression
of a small ABD-green fluorescent protein fusion protein that

competes with full-length Slo1 channels for binding to actin
markedly suppresses trafficking of full-length Slo1 channels to
the plasma membrane. In addition, Slo1 channels containing
deletions of the ABD that eliminate actin binding are retained in
intracellular pools, and they are not expressed on the cell
surface. At least one point mutation within the ABD (L1020A)
reduces surface expression of Slo1 channels to approximately
25% of wild type, but it does not cause a marked effect on the
gating of point mutant channels that reach the cell surface.
These data suggest that Slo1-actin interactions are necessary
for normal trafficking of BKCa channels to the plasma mem-
brane and that the mechanisms of this interaction may be
different from those that underlie F-actin and stretch-sensitive
gating.

Large-conductance Ca2�-activated K� (BKCa) channels are
widely distributed throughout the nervous system. They are
both voltage- and Ca2�-dependent, and they contribute to
action potential waveforms, the regulation of repetitive fir-
ing, and a variety of membrane potential oscillations. BKCa

channels also regulate the physiology of many types of non-
neuronal cells. Consequently, the gating and structure of
BKCa channels have been extensively studied (Lu et al.,
2006; Lingle, 2007). In addition to regulation by Ca2� and
membrane potential, there is an extensive literature indicat-
ing that the gating of BKCa channels is regulated by mem-
brane stretch (Ehrhardt et al., 1996; Huang et al., 2002; Piao
et al., 2003; Tian et al., 2006). Stretch sensitivity of smooth
muscle BKCa channels involves interactions with F-actin,
because gating is altered in native cells by treatment with

agents that alter actin dynamics (Ehrhardt et al., 1996; Piao
et al., 2003; Brainard et al., 2005). Moreover, Slo1 channels
can coimmunoprecipitate with actin (Brainard et al., 2005),
and the cytosolic domains in Slo1 can bind to cortactin, an
actin-binding scaffolding protein (Tian et al., 2006). This
latter interaction seems to be essential for stretch-induced
activation of BKCa channels, and it occurs in a cytosolic
region of the channel close to a domain known to play a role
in Ca2�-dependent gating (Krishnamoorthy et al., 2005; Zeng
et al., 2005; Tian et al., 2006).

Much less is known about long-term regulation of BKCa

channels. The Slo1 gene, known as KCNMA1 in humans,
encodes the pore-forming subunits of BKCa channels, and it is
expressed in a large number (�20) of different splice variants
that in many cases exhibit substantially different gating
properties (Shipston, 2001). Most variants exhibit high levels
of constitutive trafficking to the plasma membrane in heter-
ologous expression systems, but some variants are largely
retained in intracellular compartments (Zarei et al., 2001;
Wang et al., 2003; Kim et al., 2007b,c; Ma et al., 2007). These
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observations have allowed identification of sequence motifs
that play a role in regulating the trafficking of various Slo1
isoforms. These include hydrophobic endoplasmic reticulum
export signals and a sorting motif that is required for selec-
tive expression of Slo1 on the apical surface of polarized
epithelial cells (Kwon and Guggino, 2004; Zarei et al., 2004).
More recently, we and others have identified alternatively
spliced C-terminal domains that determine the extent of
constitutive steady-state surface expression of BKCa chan-
nels in several cell types (Kim et al., 2007b,c; Ma et al., 2007).

The regulated trafficking of Slo1 channels is a physiologi-
cally relevant process in the nervous system. For example,
ciliary neurons of the developing chick ciliary ganglion retain
BKCa channels in multiple intracellular stores before forma-
tion of synapses with target tissues (Dourado and Dryer,
1992; Chae et al., 2005a,b). Stimulation by multiple endoge-
nous growth factors at around the time of synapse formation
with target tissues triggers movement of BKCa channels into
the plasma membrane (Dourado and Dryer, 1992; Cameron
et al., 1998; Cameron et al., 2001; Chae et al., 2005a,b). The
cytoskeleton plays an important role in the regulated and
constitutive trafficking of other membrane proteins, includ-
ing ion channels and other types of transporters. For exam-
ple, disruption of cortical F-actin dynamics inhibits traffick-
ing of several membrane proteins to the plasma membrane
(Kanzaki and Pessin, 2001; Butterworth et al., 2005; Noda
and Sasaki, 2006). In some cases, such as with epithelial
sodium channels, the channels bind to actin directly (Mazzo-
chi et al., 2006). In other cases, actin interactions are indi-
rect, and they are mediated by scaffolding proteins such as
filamin (Petrecca et al., 2000; Sampson et al., 2003). In the
insulin-mediated trafficking of the GLUT-4 transporter, ac-
tin does not act as either a static barrier or a scaffold. In-
stead, dynamic changes in actin structure are required for
movement of GLUT-4 into the plasma membrane (Kanzaki et
al., 2001). Our recent data from developing chick ciliary
neurons suggest that growth factors that regulate BKCa traf-
ficking act on multiple signaling cascades that impinge on
cortical actin dynamics (Lhuillier and Dryer, 2002; Chae and
Dryer, 2005a,b; Chae et al., 2005a,b).

In the present study, we have examined the role of actin
interactions in the trafficking of BKCa channels. We demon-
strate the existence of a novel actin-binding motif in the
cytoplasmic C terminus of Slo1 channels. We also show that
interactions with this domain are necessary for normal sur-
face expression in the plasma membrane.

Materials and Methods
Plasmids and Antibodies. Expression plasmids pCMV-Myc-VE-

DEC, pCMV-Myc-QEERL, and pCMV-Myc-EMVYR encoding N-termi-
nal Myc-tagged VEDEC, QEERL, and EMVYR isoforms of Slo1 were
provided by Dr. Min Li (Johns Hopkins University, Baltimore, MD).
Other plasmids, including pCMV-Myc-QEERL-�ABD, pcDNA3.1ABD-
GFP, pGEXKG-CT1, pGEXKG-CT2, pGEXKG-CT3, pGEXKG-CT3A,
pGEXKG-Slo1CT3B, pGEXKG-CT3C, and pGEXKG-CT3D, were con-
structed by our laboratory using standard methods. The Slo1 point
mutations L1020A, D1022A, or L1025A were made from QEERL iso-
forms of Slo1 using the QuikChange II site-directed mutagenesis kit
(Stratagene, La Jolla, CA). To do this, we designed six antiparallel
primers carrying the mutant codon for the required substitutions. The
vectors containing Slo QEERL cDNA and GST-CT3B were used as
templates for the polymerase chain reaction, which was carried out

using Pyrococcus furiosus polymerase. Incorporation of oligonucleotide
primers generates a mutated plasmid containing staggered nicks. The
products were treated with DpnI endonuclease, specific for methylated
and hemimethylated DNA, which digests the parental DNA template
(because DNA originating from Escherichia coli is usually dam meth-
ylated). The nicked vector DNA carrying the desired mutations was
proliferated in E. coli JM109-competent cells. The fidelity of all con-
structs, including point mutants, was confirmed by sequencing. Mouse
anti-myc 9B11 (Cell Signaling Technology Inc., Danvers, MA) was used
for immunoblot analysis and for confocal microscopy, whereas fluores-
cein isothiocyanate-conjugated goat anti-myc ab1263 (Abcam, Cam-
bridge, MA) was used only for confocal microscopy. Actin analyses were
carried out with a pan-actin antibody, MAB1501 (Chemicon Interna-
tional, Temecula, CA). Immunoblot and confocal analyses of Slo1 were
carried out with MAB5228 (Chemicon International).

Coimmunoprecipitation, Immunoblot Analysis, and GST
Pull-Down Assays. For coimmunoprecipitation, embryonic day 9
(E9) ciliary ganglion neurons or HEK293T cells were lysed in radio-
immunoprecipitation assay buffer containing 1 mM phenylmethyl-
sulfonyl fluoride, and protease inhibitor mixture (Sigma-Aldrich, St.
Louis, MO). Cell extracts were incubated in the presence of anti-myc
9B11, anti-Slo1 MAB5228, or IgG (2 �g each), as indicated in the
figures, for 4 h at 4°C, followed by the addition of 20 �l of protein A/G
agarose (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) for 12 h.
Pellets were collected by centrifugation and washed in PBS contain-
ing 0.5% Triton X-100. Then, they were boiled for 5 min in 30 �l of
Laemmli sample buffer, and 15 �l of each sample was separated by
SDS-PAGE on 10% gels. Samples of cell lysates were used as input
controls to identify where on the gels that the protein being probed
migrated. Proteins were transferred to nitrocellulose filters by wet
transfer (1 h) on ice. Blots were blocked for 1 h at room temperature,
washed with Tris-buffered saline/Tween 20 buffer, incubated with
one of the primary antibodies (anti-actin MAB1501, anti-Slo1
MAB5228, or anti-myc 9B11) overnight at 4°C, washed again with
Tris-buffered saline/Tween 20, and then the membrane was incu-
bated with horseradish peroxidase-conjugated secondary antibody
(Pierce Biotechnology, Rockford, IL) for 2 h at room temperature.
The proteins were visualized using a chemiluminescent substrate
(SuperSignal West Pico; Pierce Biotechnology). For GST pull-down
assays, GST, GST-CT1, GST-CT2, GST-CT3, GST-CT3A, GST-
CT3B, GST-CT3B, GST-CT3C, or GST-CT3D fusion proteins were
expressed and extracted from E. coli strain BL21, and 50 �g of each
fusion protein was separately bound to 10 �l of glutathione-Sepha-
rose 4B beads (GE Healthcare, Little Chalfont, Buckinghamshire,
UK) according to the manufacturer’s instructions. HEK293T cell
lysates (containing 500 �g of protein per sample) were added to the
beads, and the samples were incubated overnight at 4°C with gentle
rotation. The beads were washed three times with PBS with 0.2%
Triton X-100 (PBST), boiled for 5 min in 30 �l of Laemmli sample
buffer, and then 15 �l of each sample was separated on 10% SDS-
PAGE, transferred to nitrocellulose, and analyzed by immunoblot
using anti-actin MAB1501 as described above. In these experiments,
the input lanes were cell lysates from nontransfected HEK293T
cells. Their purpose was to show the location of actin on the gel. For
in vitro binding assays in a binary mixture, glutathione beads car-
rying GST-CT3A, GST-CT3B, GST-CT3C, GST-CT3D, or GST (20 �g
of each) were incubated with purified rabbit skeletal muscle �-actin
(Sigma-Aldrich). The input lane contained 5 �g of actin solely to
allow visualization of where on the gel that protein migrated. The
beads were then washed three times with PBS and eluted with 10
mM glutathione elution buffer. Eluates were separated by 10% SDS-
PAGE, transferred to nitrocellulose, and visualized by immunoblot.
Protein bands in immunoblots were quantified by densitometry us-
ing ImageJ software (http://rsb.info.nih.gov/ij/; National Institutes of
Health, Bethesda, MD). All experiments were repeated three to four
times, and the error bars represent S.E.M.

Cell Surface Biotinylation Assays and Actin Polymeriza-
tion Assays. Cell surface biotinylation was carried out by treating
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intact HEK293T cells or dissociated embryonic day 9 ciliary ganglion
neurons with sulfosuccinimidyl 2-(biotinamido)-ethyl-1,3-dithiopro-
pionates (Pierce Biotechnology) (1 mg/ml in PBS buffer) for 30 min on
ice with gentle shaking. Ice-cold PBS buffer containing 100 mM
glycine was then added to stop the reaction. After an additional 20
min of incubation, the cells were collected and lysed by gentle tritu-
ration in PBS containing 1% Triton X-100. The biotinylated proteins
from the cell surface were recovered from the lysates by incubation
with immobilized streptavidin-agarose beads (Pierce Biotechnology).
Bound proteins were eluted from the beads in Laemmli buffer, and a
portion of the original lysate was also saved. Total proteins were
then separated on SDS-PAGE and transferred to nitrocellulose; the
proteins were quantified by immunoblot. Measurements of the
steady-state G-actin/F-actin ratio in E9 ciliary ganglion neurons
were carried out using a commercial assay (Cytoskelton Inc., Denver,
CO) based on the differential solubility of G-actin and F-actin fol-
lowed by immunoblot analysis. This assay was carried out according
to the manufacturer’s instructions and using their reagents. Cells
were treated with control medium or 1 nM recombinant transform-
ing growth factor-�1 (R & D Systems, Minneapolis, MN) 12 h before
actin analysis. These and all subsequent biochemical experiments
were repeated at least three times.

Cell Culture and Staining. Embryonic day 9 ciliary ganglion
neurons were dissociated and cultured as described in detail previ-
ously (Dourado and Dryer, 1992; Subramony et al., 1996; Cameron et
al., 1998). HEK293T cells were grown in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich) containing 10% heat-inactivated fetal bo-
vine serum at 37°C in a 5% CO2 incubator. HEK293T cells were
transiently transfected using FuGENE 6 (Roche Diagnostics, India-
napolis, IN) in serum-reduced medium (Opti-MEM; Invitrogen,
Carlsbad, CA) following the manufacturer’s instructions. The DNA
concentration of each plasmid in the transfection medium was 1
�g/ml. Cells were used for electrophysiology or biochemistry 48 h
after transfection. For immunofluorescence staining, ciliary ganglion
neurons or transfected HEK293T cells were washed, fixed in 4%
paraformaldehyde for 10 min, permeabilized with PBST, blocked
with bovine serum albumin, and then exposed to anti-Slo1 MAB5228
and rhodamine-conjugated phalloidin (GE Healthcare) overnight at
4°C. The cells were washed, treated with fluorescein-conjugated
secondary antibody, washed in PBS, and mounted using Vectashield
(Vector Laboratories, Burlingame, CA). For confocal analysis of sur-
face expression, intact transfected HEK293T cells were treated with
mouse anti-myc 9B11 for 20 min in normal culture medium at 37°C.
Cells were then rinsed in PBS, fixed in 4% paraformaldehyde for 10
min, permeabilized with PBST, blocked with bovine serum albumin,
and then treated with cyanine 3-conjugated goat anti-mouse and
fluorescein-conjugated goat anti-myc ab1263 for 1 to 2 h at room
temperature. Cells were then rinsed and mounted in Vectashield.
Images were collected on an FV-1000 confocal microscope (Olympus,
Tokyo, Japan) using a Plan Apo N 60 � 1.42 numerical aperture oil
immersion objective. Green fluorescence was evoked by excitation at
495 nm, and emission was monitored at 519 nm. Red fluorescence
was evoked by excitation at 580 nm, and emission was monitored at
620 nm.

Electrophysiology and Statistics. HEK293T cells were co-
transfected with plasmids encoding either GFP or GFP-fusion pro-
teins, along with N-terminal myc-tagged forms of the VEDEC,
QEERL, or EMVYR isoforms of Slo1. All physiological recordings
were conducted at room temperature. Whole-cell recordings were
made from fluorescent HEK293T cells as described previously (Kim
et al., 2007c). In brief, the bathing solution contained 150 mM NaCl,
0.08 mM KCl, 0.8 mM MgCl2, 5.4 mM CaCl2, 10 mM glucose, and 10
mM HEPES, and the pH was adjusted to 7.4 with NaOH. The pipette
solution contained 145 mM NaCl, 2 mM KCl, 6.2 mM MgCl2, 10 mM
HEPES, 5.0 mM H-EDTA, and 5 �M CaCl2, pH 7.2. The free Ca2�

concentration in this solution was checked using an Orion 97-20
calcium electrode (Thermo Fisher Scientific, Waltham, MA) cali-
brated using solution standards obtained from WPI (Sarasota, FL).

HEK293T cells do not express endogenous voltage-activated Ca2�

currents, and these ionic conditions were chosen to provide sufficient
intracellular Ca2� for activation of BKCa channels by depolarizing
step pulses while keeping the resulting macroscopic currents suffi-
ciently small to avoid saturation of the patch-clamp amplifier or
significant series resistance errors. To ensure this, the concentration
of K� ions on both sides of the membrane was reduced 60-fold from
physiological, which reduces macroscopic currents but still provides
for a physiological K� equilibrium potential of �80 mV. Whole-cell
currents are not detectable when recording pipettes contain no added
CaCl2 and 10 mM EGTA (data not shown). These recording elec-
trodes had resistances of 3 to 4 MÙ, and it was possible to compen-
sate up to 85% of this without introducing oscillations into the
current output of the patch-clamp amplifier (Axopatch 1D; Molecular
Devices, Sunnyvale, CA). Whole-cell currents were evoked by a se-
ries of eight 450-ms depolarizing steps (from �25 to �80 mV in
15-mV increments) from a holding potential of �60 mV.

For inside-out patch recordings, pipette solutions contained 150
mM KCl, 0.5 mM MgCl2, 10 mM HEPES, and 5 mM EGTA, pH 7.2.
The bath solutions contained 150 mM KCl and 10 mM HEPES, and
pH was adjusted to 7.2 after addition of the Ca2� buffer. This con-
sisted of 5 mM EGTA for the Ca2�-free solutions, or 5 mM N-
hydroxy-EDTA titrated to 20 �M free Ca2� by addition of CaCl2
while monitoring free calcium with the calcium electrode. Patches
were excised into Ca2�-free solutions, and then they were switched
to the solution containing 20 �M free Ca2�. Currents were evoked in
the presence of Ca2� by a series of 250-ms depolarizing voltage
pulses from a holding potential of �60 mV. Because K� equilibrium
potential under these conditions is 0 mV, substantial inward tail
currents occur immediately after the break of the depolarizing steps,
when patches return to the holding potential. All quantitative data
from electrophysiological measurements were analyzed off-line using
pCLAMP software (Molecular Devices), and they are presented as
mean � S.E.M. The data in bar graphs were compiled from 9 to 25
cells in each group. Data were analyzed by one-way analysis of
variance followed by post hoc analysis (STATISTICA; Statsoft,
Tulsa, OK) using Tukey’s honestly significant difference test for
unequal sample size, with p � 0.05 regarded as significant.

Results
Actin Bound to a Domain on the Cytoplasmic C Ter-

minus of Slo1 Channels. Actin-Slo1 interactions in native
neurons were established by coimmunoprecipitation from E9
chick ciliary ganglion extracts. This was observed two ways:
with initial precipitation carried out using a commercially
available antibody against Slo1, followed by immunoblot
with an antibody against actin (Fig. 1A); and also by immu-
noprecipitation with anti-actin followed by probing of immu-
noblots with an antibody against Slo1 (Fig. 1B). Confocal
microscopy using the same Slo1 antibody reveals that a pool
of Slo1 channels close to the plasma membrane colocalizes
with rhodamine-conjugated phalloidin, a marker for F-actin
(Fig. 1C), which occurs at high levels in cortical regions
subjacent to some regions within the plasma membrane. It
bears noting that Slo1 signal is markedly reduced on those
portions of the neuronal soma surface in which a subjacent
layer of cortical actin cannot be detected.

Native neurons present formidable technical limitations
for analysis of channel trafficking. Therefore, we have used
HEK293T cells to analyze the nature and functional signifi-
cance of Slo1-actin interactions. We initially expressed three
different alternatively spliced variants of mammalian Slo1
channels, and we examined their interactions with actin by
coimmunoprecipitation. We have previously referred to these
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isoforms as VEDEC, QEERL, and EMVYR, after the last five
residues in each variant (Kim et al., 2007b,c). All three Slo1
expression constructs contain an N-terminal (ectofacial) myc
tag. Placing a myc tag in this position has previously been
shown to have minimal effects on gating and trafficking of
BKCa channels (Meera et al., 1997; Wang et al., 2003).
HEK293T cells expressing these channels were lysed, and
Slo1 channels were immunoprecipitated, in this case using
an antibody against the myc tags. We observed that actin
could be detected in the immunoprecipitates of all three Slo1
isoforms by immunoblot analysis using a pan-actin antibody
(Fig. 1C). Thus, the interaction between Slo1 and actin can be
detected with multiple antibodies that recognize the Slo1
channels.

What portions of the Slo1 molecule bind to actin? To ad-
dress this question, we prepared a series of GST-fusion pro-
teins including cytoplasmic portions of Slo1, focusing on the
C-terminal regions that are conserved in all three variants,
starting immediately after the last transmembrane domain
(S6) (Fig. 2A). We initially subdivided this large cytoplasmic
tail into three components: CT1 (from Glu324 to Pro783),
CT2 (from Gly784 to Ala984), and CT3 (from Leu985 to
Gln1108). Note that Gln1108 is the last residue conserved in
all three Slo1 expression constructs described above. Fixed
amounts of these GST-fusion proteins were bound to gluta-
thione-Sepharose 4B beads, which were then added to an
extract of nontransfected HEK293T cells. Proteins bound to
the beads were eluted, separated by SDS-PAGE, and ana-
lyzed by immunoblot. We observed that GST-CT3 could pull
actin out of the HEK293T cell lysate but that the GST-CT1 or

GST-CT2 constructs, and GST itself, were ineffective (Fig.
2B). Therefore, the CT3 region was further subdivided into
four smaller domains, CT3A, CT3B, CT3C, and CT3D (shown
schematically in Fig. 2A), which were prepared as GST-
fusion proteins. We observed that GST-CT3B could pull actin
out of a HEK293T cell lysate but that the other GST-CT3
constructs could not (Fig. 2C, top). The GST pull-down assays
described above were performed on a whole-cell lysate, and
we cannot exclude that actin interactions with the C-termi-
nal portions of Slo1 are indirect; in other words, such an
observation could reflect formation of a larger complex that
includes some other actin-binding protein, such as cortactin
(Tian et al., 2006), microtubule-associated protein 1A (Park
et al., 2004), or filamin A (Kim et al., 2007a). To address this,
we observed that GST-CT3B, but not GST or the other GST-
fusion proteins, can bind to purified rabbit skeletal muscle
actin in a binary mixture in which no other proteins were
present (Fig. 2C, bottom). These data indicate that the Slo1-
actin interaction is direct and that there is an actin-binding
motif somewhere between residues Phe1015 and Thr1049 of
the three mammalian Slo1 proteins, a region that has the
primary sequence FGIYRLRDAHLSTPSQCTKRYVITNPPY-
EFELVPT, hereafter referred to as the actin-binding domain
(ABD). It bears noting that Ma et al. (2007) also detected
actin binding to a Slo1-GST fusion protein that contained the
ABD identified here.

The Actin-Binding Motif on Slo1 Channels Was Re-
quired for Expression in the Plasma Membrane. The
ABD is close to domains required for endoplasmic reticulum
export and trafficking in polarized epithelial cells (Kwon and
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Fig. 1. Interactions between actin and Slo1 channels. A,
endogenous actin immunoprecipitates with Slo1 channels
in E9 chick ciliary ganglion neurons (top). Immunoblots
show proteins that coimmunoprecipitate from neuronal cell
lysates using an antibody against Slo1 channels or with
IgG, as indicated. The blots were probed with a pan-actin
antibody. The blot was then stripped and reprobed with an
antibody against Slo1 (middle). Throughout this figure, the
lane marked input refers to sample of cell lysates before
immunoprecipitation, which serves to demonstrate only the
mol. wt. of the protein being probed. B, endogenous Slo1
immunoprecipitates with actin in E9 chick ciliary ganglion
neurons. Immunoblots show proteins that coimmunopre-
cipitate from neuronal cell lysates using an antibody
against actin or with IgG, as indicated. C, colocalization of
F-actin and Slo1 channels in the soma of E9 ciliary gan-
glion neurons. F-actin was stained with rhodamine-conju-
gated phalloidin (red), and Slo1 was localized using the
same antibody used in A (green). Regions of colocalization
are yellow in the merged image. Large arrow indicates
regions of the cell surface where Slo1 and F-actin are both
present. Small arrow indicates that Slo1 signal is weak in
areas of the cell surface that lack subjacent F-actin. Scale
bar, 10 �m. D, coimmunoprecipitation of actin with three
different Slo1 splice variants heterologously expressed in
HEK293T cells. Immunoprecipitation was carried out with
an antibody against the N-terminal myc tags on the Slo1
channels. The splice variants are named according to the
five last residues at the C-terminal end. The input lane in
this experiment contained a sample of nontransfected
HEK293T cell lysate.
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Guggino, 2004). Therefore, we hypothesized that the ABD
may be involved in channel trafficking to the plasma mem-
brane. This hypothesis makes two specific predictions. First,
if direct Slo1 binding to actin is essential for trafficking then
it should be possible to perturb surface expression by coex-
pressing a small molecule that competes with full-length Slo1
channels for actin binding. To test this hypothesis, we coex-
pressed full-length Slo1 QEERL channels with an ABD-GFP
fusion protein in HEK293T cells. We chose to focus on the
QEERL isoform because it is expressed in native neurons
(Kim et al., 2007b) and because it has a high level of consti-
tutive trafficking to the plasma membrane (Kim et al., 2007b;
Ma et al., 2007). In control experiments, we coexpressed the
full-length Slo1 channels with GFP. After 24 h, the surface
expression of functional cell surface Slo1 channels was as-
sessed by biochemical and electrophysiological methods. In
the most direct approach, we observed that coexpression of
ABD-GFP markedly reduced surface expression of the Slo1
compared with control cells coexpressing GFP, as assessed by
cell surface biotinylation assays in HEK293T cells (Fig. 3, A
and B). However, coexpression of ABD-GFP did not effect the
total amount of Slo1 expressed compared with cells coex-
pressing GFP. Addition of the ABD (in the form of GST-
CT3B) to a cell lysate reduced the amount of actin that
coimmunoprecipitates with myc-tagged Slo1 channels com-
pared with what is observed when GST-CT3A is added to the
same lysate (Fig. 3, B and C). Recall that GST-CT3A does not
bind actin (Fig. 2C), and this result indicates that the CT3B
construct competes with full-length channels for binding to
actin. A similar pattern was seen with whole-cell recording.
In these experiments, recording electrodes were filled with a
saline containing 5 �M free Ca2� so as to allow for robust
activation of BKCa channels in HEK293T cells by step com-
mands within a range comparable with that observed in
excised patches. A more detailed analysis of macroscopic

currents observed using these methods has been presented
elsewhere (Kim et al., 2007a,b,c), and representative current
traces are shown in Fig. 4A. Currents were evoked by depo-
larizing voltage steps from a holding potential of �60 mV. We
observed that coexpression of the ABD-GFP fusion protein
resulted in a marked reduction in mean whole-cell currents
carried by Slo1 channels compared with those observed when
full-length Slo1 subunits were coexpressed with GFP (Fig.
4B). These results collectively indicate that soluble fusion
proteins containing the ABD compete with full-length Slo1
channels for access to actin, resulting in reduced steady-state
expression in the plasma membrane.

The hypothesis further predicts that removing the ABD
from Slo1 channels should block their expression on the cell
surface. To test this, we prepared a deletion construct of the
QEERL isoform of Slo1 in which 25 residues (Leu1020–
Phe1045) within the ABD are removed (Slo1-�ABD). The
Slo1-�ABD construct contains the same N-terminal myc tag
as the full-length Slo1 constructs described above. These
constructs were expressed in HEK293T cells, and surface
expression was determined using four independent methods
of analysis. First, we separately labeled surface and intracel-
lular pools of Slo1 channels for visualization by confocal
microscopy. Transfected HEK293T cells were exposed to
mouse anti-myc before fixation. Cells were then fixed, per-
meabilized, and labeled with cyanine 3-conjugated goat anti-
mouse and fluorescein isothiocyanate-conjugated goat anti-
myc to identify surface and intracellular pools of channels in
the same cells (Fig. 5A). We observed full-length Slo1 chan-
nels expressed on the cell surface (red fluorescence), along
with a pool of channels in intracellular stores (green fluores-
cence). By contrast, Slo1-�ABD channels seemed to be com-
pletely excluded from the cell membrane, but they were eas-
ily detected in intracellular compartments (Fig. 5A). Cell
surface biotinylation assays also show that the myc tag on
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full-length Slo1 channels can be detected on the surface of
transiently transfected HEK293T cells, whereas myc tags
were below the level of detection on the surface of HEK293T
cells expressing Slo1-�ABD (Fig. 5B). It also bears noting
that Slo1-�ABD channels do not colocalize with F-actin in
HEK293T cells, whereas full-length Slo1 channels show ex-
tensive colocalization with F-actin as indicated by staining
with rhodamine-conjugated phalloidin (Fig. 5C).

In addition, using methods already described, we observed
voltage-evoked outward whole-cell currents in HEK293T
cells expressing myc-tagged Slo1 channels, but we could not
detect whole-cell currents in any cells expressing myc-tagged
Slo1-�ABD (Fig. 6A). It bears noting that cell samples were
transfected with the same amounts of DNA for both con-
structs in all of these experiments, and comparable amounts
of both proteins were detected in cell lysates (Fig. 6B). This
suggests that the Slo1-�ABD protein is not subjected to a
substantially greater rate of degradation than the full-length
Slo1 protein. To further ascertain that functional channels
were not being expressed on the cell surface, we also exam-
ined currents in excised inside-out patches, measuring cur-
rents evoked at �60 mV while the cytoplasmic face of the
patch membranes are exposed to 20 �M bath Ca2�. We
observed a similar pattern, namely, that virtually no current
was detected in patches excised from cells expressing the
Slo1-�ABD construct but that very large (5- to 10-nA) cur-
rents were observed in patches excised from cells expressing
wild-type Slo1 (Fig. 6B).

The ABD region of Slo1 does not exhibit close homology
with the actin-binding regions of other proteins. However, we
did notice that the actin-binding regions of some other pro-
teins (Vandekerckhove et al., 1989; Bresnick et al., 1990)
contain a degenerate motif that can be described as L/I-X-D/
E-X-X-L/I, where X can be any residue, and that this motif is
found within the Slo1 ABD. To test the hypothesis that these

residues contribute in some way to Slo1-actin interactions,
we prepared soluble GST-C3B fusion proteins in which resi-
dues Leu1020, Asp1022, or Leu1025 of QEERL channels
were mutated to alanine, and then we examined whether
these proteins could bind to purified �-actin using a GST
pull-down assay in a binary mixture. The methods used in
this assay were the same as those used in Fig. 2C. We
observed that the L1020A mutation caused a reduction in the
binding of the resulting GST-fusion protein to purified �-ac-
tin but that binding to the D1022A and L1025A mutations
was only slightly reduced from wild type (CT3B) (Fig. 7A). To
determine the functional effects of these mutations, we pre-
pared expression constructs in which the Leu1020, Asp1022,
or Leu1025 residues within full-length Slo1 (QEERL) chan-
nels were mutated to alanine, and we examined whether the
resulting channels exhibited normal expression on the cell
surface using a cell surface biotinylation assay. We observed
reduced surface expression of the myc tags of Slo1L1020A
channels in HEK293T cells compared with wild-type Slo1 or
the Slo1D1022A or Slo1L1025A mutations (Fig. 7B). Total
expression was not affected by these point mutations. Con-
sistent with this, expression of full-length Slo1L1020A re-
sulted in currents significantly smaller than wild type in
inside-out patches exposed to 20 �M Ca2� at �60 mV,
whereas currents carried by Slo1D1022A and Slo1L1025A
were indistinguishable from wild-type Slo1 channels (Fig. 8,
A and B). The same pattern was also observed in whole-cell
recordings in which recording pipettes contained 5 �M Ca2�

(Fig. 8, C and D). Unlike the ABD deletion mutants, however,
the resulting currents were reduced but not eliminated. The
effects of point mutations within the ABD provide an addi-
tional line of evidence suggesting that direct binding to actin
filaments is necessary for normal steady-state surface ex-
pression of Slo1 channel proteins.
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Fig. 3. Coexpression of an ABD-GFP fusion protein reduces
surface expression of Slo1 channels in HEK293T cells. The
cells were transiently transfected with an expression construct
encoding myc-tagged mammalian Slo1 (QEERL isoform), along
with ABD-GFP or GFP, as indicated. A, representative cell
surface biotinylation assay carried out using antibodies
against the ectofacial myc tag present on Slo1. The large arrow
indicates 125 kDa; the small arrow indicates 42 kDa. B, den-
sitometric analysis of three replications of the experiment
shown in A showing reduction in surface expression in cells
expressing ABD-GFP. Data presented are mean � S.E.M. C,
adding purified GST-CT3B to lysates of HEK293T cells ex-
pressing myc-tagged Slo1 channels reduces the amount of ac-
tin that coimmunoprecipitates with Slo1 channels, indicating
competition with Slo1 for binding to actin. This reduction is
compared with signal from the same lysates containing an
identical amount of GST-CT3A, which does not contain an
ABD. Densitometric quantification of three replications of this
experiment is shown in D.
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Discussion
Actin filaments affect the gating properties of BKCa chan-

nels (Ehrhardt et al., 1996; Huang et al., 2002; Piao et al.,
2003; Brainard et al., 2005), and this is thought to underlie
the stretch-sensitive gating of these channels. The mecha-
nisms whereby F-actin effects BKCa gating are not well un-
derstood, but recent studies suggest that they entail interac-
tions with actin-binding adaptor proteins that interact with
BKCa channels close to known calcium-binding domains
(Tian et al., 2006). Here, we have shown that the pore-
forming subunits of BKCa channels contain a novel ABD that
is located in the distal end of the cytoplasmic C terminus, in
regions that have not been implicated in regulation of Ca2�

binding or channel gating. Actin binding to this ABD of Slo1
channels can occur in vitro in a binary mixture in which no
other proteins are present.

These results suggest a model in which F-actin provides an
obligatory pathway for Slo1 movement to the cell membrane.
We further propose that growth factors alter actin dynamics

so as to facilitate movement along these filaments. The final
steps of channel insertion into the plasma membrane most
likely require the channels to unload from the subjacent actin
filaments, possibly by localized F-actin depolymerization, or,
alternatively, by binding of other adaptor proteins. If this
F-actin unbinding step were to be rate limiting, then cortical
actin could function as a barrier to Slo1 insertion into the
plasma membrane that is removed upon activation of appro-
priate growth factor signaling cascades. A very similar model
has been proposed for hormone-induced trafficking of
GLUT-4 transporters (Kanzaki and Pessin, 2001) and aqua-
porin channels (Noda and Sasaki, 2006), and we have pre-
sented earlier evidence that actin can function as a barrier to
insertion of Slo1 channels to the plasma membrane of ciliary
ganglion neurons (Chae and Dryer, 2005b).

Slo1 interactions with cortical F-actin seem to resume in at
least some systems after membrane insertion, and these
interactions contribute to the stretch-sensitivity of BKCa

channels observed in many preparations (Huang et al., 2002;
Piao et al., 2003; Tian et al., 2006). This may be indirectly
mediated by actin-binding adaptor proteins such as cortactin
(Tian et al., 2006), microtubule-associated protein-1A (Park
et al., 2004), or filamin A (Kim et al., 2007a). In this regard,
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we have recently shown that the actin-binding protein fil-
amin A, which forms cross-links between perpendicularly
oriented actin filaments, binds to the cytoplasmic C terminus

of BKCa channels, leading to an increase in the steady-state
surface expression of these channels (Kim et al., 2007a). A
surprising feature of this effect is that it persists when BKCa

channels interact with filamin A deletion mutants that lack
their actin-binding domains. The fact that BKCa channels
bind directly to actin can explain some of these observations.

Do direct actin interactions affect other aspects of BKCa

function? We cannot exclude that the ABD contributes to
stretch-sensitive gating because the ABD is located on cyto-
plasmic domains in the C terminus. We are experimentally
limited by the fact that complete inhibition of actin binding
seems to prevent surface expression, which precludes mak-
ing the necessary recordings. However, it is worth noting
that the ABD in Slo1 channels is located considerably down-
stream of the regulator of conductance of K� channels do-
main and calcium bowl domain that are thought to comprise
the Ca2�-binding sites that mediate most physiological gat-
ing processes of these channels (Krishnamoorthy et al., 2005;
Zeng et al., 2005). The ABD is also located at some distance
from a pair of noncanonical C-terminal Src homology 3 do-
mains that are involved in stretch-sensitive gating (Tian et
al., 2006). Instead, the ABD is almost adjacent to motifs
required for endoplasmic reticulum export (DLIFCL) and
selective expression on the apical surface of polarized epithe-
lial cells (NAGQSRA) (Kwon and Guggino, 2004). This sug-
gests that the distal C-terminal portions of Slo1 channels
that include the ABD play a greater role in channel traffick-
ing or localization within membrane domains than in chan-
nel gating.

C
ur

re
nt

 (n
A

)

250 ms

2 nA

Slo1 Slo1-ΔABD

Slo1 Slo1-ΔABD

0

C
ur

re
nt

 (n
A)

Slo1 Slo1-ΔABD

2

1

3

Slo1-ΔABDSlo1

1

2

3

4 50 ms

2 nA

0

-80 mV

+60 mV

-60 mV

+80 mV

20 μM Ca2+

A

B

C

D

Fig. 6. The ABD is necessary to detect functional Slo1 channels in the
plasma membrane of HEK293T cells. A, whole-cell recordings showing
families of currents in cells expressing full-length Slo1 channels or Slo1-
�ABD channels, as indicated. The voltage-clamp protocol is shown above
the Slo1 current traces. B, summary of results showing mean � S.E.M. of
maximal currents evoked by depolarizing steps to �60 mV in 14 cells in
each group. Note absence of whole-cell currents in HEK293T cells ex-
pressing Slo1-�ABD. C, similar pattern is observed in excised inside-out
patch recordings from HEK293T cells expressing the same constructs.
The traces are representative families of currents evoked by a series of
step voltage pulses in inside-out patches exposed to 20 �M free Ca2� in
the bath solution, shown above the Slo1 traces. Recordings in this case
were made in symmetrical KCl, leading to large tail currents in patches
expressing Slo1. D, summary of results from 10 inside-out patches in each
group showing mean � S.E.M. of maximal currents evoked by depolar-
izing steps to �60 mV in the presence of 20 �M free Ca2�.
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Fig. 7. A point mutation within the ABD affects Slo1 binding to purified
actin and its surface expression in HEK293T cells. A, GST pull-down
assays carried out against purified �-actin. The GST-Slo1 fusion proteins
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with purified �-actin to show where it runs on the gel. B, cell-surface
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form) and corresponding channels containing the L1020A, D1022A, or
L1025A mutations, as indicated. Densitometric quantification of three
replications of this experiment is shown in D.
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One question that arises is whether the ABD in Slo1 chan-
nels is similar to the actin-binding motifs of other proteins.
Searches of databases have not revealed long stretches of
obvious homology between this domain and anything else.
However, a series of six residues within the Slo1 ABD (LR-
DAHL) contain a highly degenerate motif, L/I-X-D/E-X-X-L/I,
that we have noticed within the established actin-binding

domains of at least two other proteins, including ABP-120
(LVDKNL) (Bresnick et al., 1990) and profilin (LADYLI)
(Vandekerckhove et al., 1989). These are obviously highly
degenerate sequences that would be expected to occur by
chance in many proteins. We observed that mutating the first
lysine in this motif to alanine reduced Slo1-actin interactions
and caused a marked reduction in trafficking of the resulting
channels to the plasma membrane. However, mutating the
glutamate or the second lysine residue in this motif to ala-
nine did not affect Slo1 trafficking, and it did not substan-
tially affect actin binding, suggesting that the presence of
this motif in multiple actin-binding proteins may have oc-
curred by chance. Fortuitously, these data provide another
line of evidence that a region within the Slo1 ABD contrib-
utes to direct and functionally significant interactions with
cytoskeletal elements that are necessary for normal expres-
sion of these channels on the cell surface.

In summary, we have identified a novel actin-binding do-
main in the distal cytoplasmic tail of the principal subunits of
large-conductance BKCa channels that contributes to regula-
tion of the normal steady-state expression of these channels
on the plasma membrane. It is possible that dynamic
changes in the actin cytoskeleton are required for growth
factor-evoked increases in surface expression of neuronal
BKCa channels.
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