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S-Palmitoylation is rapidly emerging as an important post-
translationalmechanism to regulate ion channels.We have pre-
viously demonstrated that large conductance calcium- and volt-
age-activated potassium (BK) channels are palmitoylatedwithin
an alternatively spliced (STREX) insert. However, these studies
also revealed that additional site(s) for palmitoylationmust exist
outside of the STREX insert, although the identity or the func-
tional significance of these palmitoylated cysteine residues are
unknown. Here, we demonstrate that BK channels are palmit-
oylated at a cluster of evolutionary conserved cysteine residues
(Cys-53, Cys-54, and Cys-56) within the intracellular linker
between the S0 and S1 transmembrane domains. Mutation of
Cys-53, Cys-54, and Cys-56 completely abolished palmitoyla-
tion of BK channels lacking the STREX insert (ZERO variant).
Palmitoylation allows the S0-S1 linker to associate with the
plasma membrane but has no effect on single channel conduct-
ance or the calcium/voltage sensitivity. Rather, S0-S1 linker
palmitoylation is a critical determinant of cell surface expres-
sion of BK channels, as steady state surface expression levels are
reduced by �55% in the C53:54:56A mutant. STREX variant
channels that could not be palmitoylated in the S0-S1 linker also
displayed significantly reduced cell surface expression even
though STREX insert palmitoylation was unaffected. Thus our
work reveals the functional independence of two distinct palmi-
toylation-dependentmembrane interaction domains within the
same channel protein and demonstrates the critical role of
S0-S1 linker palmitoylation in the control of BK channel cell
surface expression.

Large conductance calcium- and voltage-gated potassium
(BK) channels play an important role in regulating diverse
physiological processes from neuronal excitability (1, 2) to the
control of blood flow (3, 4). Dysfunction of the BK channel has
been implicated in a number of disorders including epilepsy (5,

6), cerebellar ataxia (2), hypertension (3, 4), incontinence (7),
and tumor cell proliferation (8, 9).
TheBKchannel pore-forming�-subunit, encoded by a single

gene KCNMA1 (10), assembles as tetramers forming a K�-se-
lective channel. Functional diversity of BK channels is achieved
by association with �-subunits (3) and other proteins (11),
alternative splicing (12–14), and post-translational modifica-
tions such as phosphorylation (15).
We have demonstrated previously that an alternatively spliced

variant of the BK channel, the Stress-regulated exon (STREX),3 is
palmitoylated within the STREX insert and regulates protein
kinase A-mediated inhibition of STREX channels (16). These
studies also revealed that channels lacking the STREX insert
(ZERO variant) could also be palmitoylated indicating that addi-
tional cysteine residues are targets for palmitoylation (16). Fur-
thermore, BK channels were identified in a proteomic screen for
palmitoylated proteins in adult rat brain (17), a tissue with gener-
ally low level expression of STREX channels when comparedwith
the ZERO channel variant (5, 18). Moreover, a protein palmitoy-
lation prediction algorithm (CSS-Palm) (19, 20) indicates that the
BK channel contains several evolutionary conserved cysteine res-
idues in the intracellular linker that links the S0 and S1 transmem-
brane domains (S0-S1 linker) that can be palmitoylated (Fig. 1A).
Whether these residues are in fact palmitoylated is not knownand
the functional role of palmitoylation of the BK channel outside of
the STREX insert has not been addressed.
Increasing evidence points to an important role for palmitoyla-

tion in the dynamic control of function, assembly or trafficking of
membrane proteins, including ion channels. Palmitoylation
increases protein hydrophobicity by post-translational thioester
linkage of a saturated 16-carbon palmitic acid to specific cysteine
residues, a reversible process that is dependent on a large family of
protein palmitoyltransferases (DHHCs) and thioesterases (21).
Palmitoylation can play a diverse role in controlling ion channel
function including: the modulation of voltage sensing in Kv1.1
channels (22); control of phosphorylation status of BK channels
(16) and the GluR6 receptor (23); assembly of sodium channels
(24); cell surface stability ofGABAA receptors (25); and trafficking
of AMPA andNMDA receptors (26, 27).
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Here,we have identified evolutionary conserved cysteine res-
idues in the intracellular N-terminal S0-S1 linker of BK chan-
nels that can be palmitoylated and that allows the domain to
associate with the plasma membrane modulating cell surface
expression of the channel. Importantly, the functional role of
S0-S1 linker palmitoylation is distinct from that conferred by
palmitoylation of the previously characterized C-terminal
alternatively spliced STREX insert (16). Thus our work demon-
strates functionally distinct palmitoylation-dependent mem-
brane interaction domainswithin the same channel protein and
that palmitoylation of the BK channel S0-S1 linker is an impor-
tant determinant of cell surface expression.

EXPERIMENTAL PROCEDURES

Channel Constructs and Expression—The subcloning and
site directed mutagenesis was performed on the murine BK
channel�-subunit as has been described previously (13, 28). All
amino acid numbering in full-length channel constructs is
based on the murine (mSlo) BK channel sequence with start
methionine at MDALI., accession number: AF156674. The
S0-S1 linker -YFP fusion constructs used in Fig. 2 (S0-S1-YFP)
incorporated the entire intracellular linker between the two
predicted transmembrane domains, S0 and S1, beginning at
residue Arg-44 and ending at residue Arg-114 cloned into a
pEYFP-N1 vector backbone. Extracellular N-terminal Flag tag
and intracellular C- terminal HA tag constructs of full-length
channels were created in pcDNA3.1 as described (13, 27). Site-
directed mutations were generated by standard procedures
using the QuikChange system (Stratagene).
HEK293 Cell Culture and Immunofluorescence—HEK293

cells weremaintained and transfected as described (13, 28). Cell
surface labeling of the N-terminal Flag tag epitope of BK chan-
nels in non-permeabilized HEK293 cells (28) was performed
using mouse monoclonal anti-Flag M2 antibody (5 �g/�l,
Sigma) and Alexa-594-conjugated anti-mouse rabbit IgG
(Molecular Probes). Cells were then fixed in 4% paraformalde-
hyde, permeabilized with 0.3%Triton X-100 in phosphate buff-
ered saline (PBS) for 10 min and blocked with 0.05% Triton
X-100 in PBS containing 3% BSA for 30 min. The intracellular
C-terminal HA epitope tag was detected using 1.25 mg/ml
anti-HA polyclonal rabbit antibody (Zymed Laboratories Inc.)
and Alexa-488-conjugated anti-rabbit chicken IgG (Molecular
Probes) and cells mounted using Mowiol. Confocal images
were acquired on a Zeiss LSM510 laser scanning microscope,
using a 63� oil Plan Apochromat (NA � 1.4) objective lens, in
multitrackingmode (16). Quantification of Flag surface expres-
sion was done in two ways: (i) using a threshold method to
detect total number of transfected cells that displayed Flag sur-
face expression in each group; and (ii) using absolute measures
based on ratios of surface Flag (extracellular) fluorescence to
intracellular signal (HA) in a random subset of all cells analyzed
using Image J. 1.42q (Wayne Rasband, NIH). Data were then
normalized to the corresponding control group (100%) as
indicated in the respective figure legend. In these experimental
paradigms the data obtained for relative surface expression
using the threshold method was quantitatively the same as
using absolute ratio measures.

CSS-Palm Prediction—We used the published CSS-Palm
palmitoylation algorithm (19, 20), to predict cysteine residues
within the entire coding sequence of the murine BK channel
�-subunit. Sequences were analyzed with the CSS-Palm v2.0
web interface. The palmitoylation prediction threshold was set
to the highest cutoff.
[3H]Palmitic Acid Incorporation—HEK293 cells were tran-

siently transfected in 6-well cluster dishes (�3 � 106 cells per
well) with full-length channel constructs as previously de-
scribed (16). Briefly, 48 h after transfection, cells were washed
and 1 ml of fresh DMEM containing 10 mg/ml fatty acid-free
BSA was added for 30 min at 37 °C. Cells were incubated in
DMEM/BSA containing 0.5mCi/ml [3H]palmitic acid for 4 h at
37 °C, and then the medium containing the free label was
removed. Cells were lysed in 150 mM NaCl, 50 mM Tris-Cl, 1%
Triton X-100 (pH 8.0), and channel fusion proteins were cap-
tured by using magnetic microbeads coupled to HA/GFP anti-
body (�MACS epitope tag isolation kits, Miltenyi Biotec). Cap-
tured proteins were eluted in SDS/PAGE sample buffer (50mM

Tris-HCl, pH 6.8, 5 mM DTT, 1% SDS, 1 mM EDTA, 0.005%
bromphenol blue, 10% glycerol) prewarmed to 95 °C. The
recovered samples were separated by SDS/PAGE, transferred
to nitrocellulose membranes, and probed with a polyclonal HA
antibody (1:1,000; Zymed Laboratories Inc.). A duplicatemem-
brane was dried, sprayed with En3hance fluorographic spray
(PerkinElmer-Cetus), and exposed to light-sensitive film at
�80 °C by using a Kodak Biomax transcreen LE (Amersham
Biosciences).
Cell Surface Biotinylation Assay—Plasmids expressing HA-

tagged BK channels were transiently transfected into HEK293
cells with Exgen 500 (Fermentas). 48 h post-transfection, cells
werewashed 3�withHank’s buffered salt solution (HBSS), and
incubated on ice for 2 h in the presence of 5 �g/ml of Sulfo-
NHS-LC-biotin (Pierce). Cells were lysed in NLB buffer with a
protease inhibitor mixture after washing in ice-cold 100 mM

glycine in HBSS (Roche, Germany). Biotinylated cell lysates
were incubated with streptavidin-immobilized beads (Pierce)
overnight at 4 °C andwashed 3�with coldHBSS and once with
water. The biotinylated membrane BK channel proteins were
removed from the beads by incubating at 45 °C for 15min in 2�
Laemmli protein sample buffer, separated by SDS-PAGE and
detected with anti-HA antibody usingWestern blotting. Paral-
lel control biotinylation assays were conducted with mock
transfected cells.
Electrophysiology—Single channel recordings and macro-

patch recordingswere performed in the excised inside-out con-
figuration of the patch-clamp technique at room temperature.
The pipette solution (extracellular) contained 140 mM NaCl, 5
mM KCl, 0.1 mM CaCl2, 1 mM MgCl2, 20 mM glucose, 10 mM

Hepes (pH 7.3). The bath solution (intracellular) contained 140
mM KCl, 5 mM NaCl, 1 mM MgCl2, 1 mM BAPTA, 20 mM glu-
cose, 10 mMHepes, (pH 7.3) with free calcium [Ca2�]i buffered
from 0.33 to 10 �M, as indicated. Channel activity was deter-
mined during 100ms depolarizations over a voltage range from
�120 mV to �120 mV in 20 mV increments from a holding
potential of �80 mV. Tail currents were then examined and
normalized to the peak current (100%) in 1 �M Ca2� and plot-
ted as G/GMAX corresponding to channel activity. Voltage sen-
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sitivity was determined by a logarithmic transformation linear-
izing the activating component of the normalized (G/GMAX)
curves in 1 �M Ca2�. Data acquisition and voltage protocols
were controlled by anAxopatch 200 B amplifier and pCLAMP9
software (Axon Instruments). All recordings were sampled
at 10 kHz and filtered at 2 kHz. Channel activity was allowed
to stabilize for at least 10 min after patch excision before
recording.
Fluorescent Membrane Potential Assay—Membrane poten-

tial assays were performed in transfected HEK293 cells incu-
bated with FLIPR� Membrane Potential Blue Dye (Molecular
Devices, Sunnyvale, CA) as described (29). Briefly, cells were
plated in black walled, clear bottom 96-well plates and loaded
with dye for 30 min at 37 °C to allow dye loading into the cell
membrane. Assays were performed as room temperature using
the Flexstation R II system (Molecular Devices) and channels
activated by 1 �M ionomycin (a calcium ionophore), 16 s after
measurement began. Fluorescent changes were read over a
period of 3 min as relative fluorescent units (RFU). An increase
in BK channel activity caused a hyperpolarization which was
detected as a decrease in fluorescence. To compare between
mutants the RFUwere determined at t� 70 s, and the response
of each channel mutant was then isolated by subtracting the
control HEK depolarizing response and normalizing the hyper-
polarization of the wild-type ZEROor STREX channel to 100%.
Statistics—All statistical analysis was performed using

GraphPad Prism using 1-way ANOVAwith Tukey post hoc test
for significance between groups.

RESULTS

The S0-S1 Linker Is Palmitoylated in BK Channels—Using a
palmitoylation prediction algorithm (CSS-Palm) (19, 20), the
murine ZERO BK channel variant sequence revealed three cys-
teine residues, Cys-53, Cys-54, andCys-56 that scored highly as
predicted palmitoylation sites within the BK channel, scoring,
1.54, 1.48, and 0.92, respectively (Fig. 1A).
Sequence alignment of the three cysteine residues in the

S0-S1 linker (Cys-53, Cys-54, and Cys-56) indicate strong evo-
lutionary conservation across vertebrates with conservation of
double cysteines (Cys-53 and Cys-54) extending across Dro-
sophila and Caenorhabditis elegans, suggesting that this region
may be of functional significance to the channel (Fig. 1A).
To directly assess whether the S0-S1 linker is in fact palmi-

toylated in the ZERO channel we assayed [3H]palmitate incor-
poration into full-length channel proteins in HEK293 cells (Fig.
1B). Full-length ZEROchannels were robustly palmitoylated by
endogenous palmitoyltransferases. Importantly,mutation of all
three cysteine residues in the S0-S1 linker to alanine (ZERO
C53:54:56A) completely abolished [3H]palmitate incorpora-
tion. Individual point mutation of cysteine residues demon-
strated a reduced [3H]palmitate incorporation but did not abol-
ish it, thus suggesting that the triple cysteine mutant (ZERO
C53:54:56A) is the key determinant for palmitoylation of the
ZEROchannel. Robust expression inWestern blot analysis sug-
gested that a change in palmitoylation status of the channels
was not the result of decreased synthesis or degradation of
channel protein (Fig. 1B). Together these data suggest that C53:
54:56 is the only site that is palmitoylated in the ZERO channel.

Palmitoylation Targets the S0-S1 linker to the Plasma Mem-
brane—Palmitoylation increases the hydrophobicity of a pro-
tein facilitating interaction with the intracellular plasma mem-
brane. To examinewhether the S0-S1 linker alonemay target to
the plasma membrane, constructs that incorporated the 70
amino acid S0-S1 linker fused in-frame with YFP (S0-S1-YFP
construct, Fig. 2A) were created to determine the functional
contribution of each cysteine residue within the identified
region. Transient expression of the S0-S1 linker constructs in
HEK293 cells resulted in robust expression at the plasmamem-
brane aswell as fusion protein trapped in intracellular compart-
ments (Fig. 2A). Site-directed mutagenesis of the cysteine resi-
dues predicted to be palmitoylated in the S0-S1 linker to alanine
resulted in significantly decreased expression at the plasma
membrane.Mutation of individual cysteine residues resulted in
significantly decreased plasmamembrane targeting of between
�40–70% in relation to the S0-S1-YFP linker construct. Muta-
tion of the double cysteines, conserved from human to C.
elegans, also significantly decreased expression at the plasma
membrane. Mutation of all three cysteine residues (S0-S1 C53:
54:56A-YFP construct) resulted in near abolition (�90%
decrease) ofmembrane targeting of the S0-S1 linker fusion pro-
tein (Fig. 2B).

FIGURE 1. The S0-S1 linker is palmitoylated in BK channels. A, schematic
illustrating the topology of the BK channel pore-forming �-subunit.
Sequence alignments of cysteine residues in the S0-S1 linker indicate evolu-
tionary conservation (gray box) across vertebrates, Drosophila and C. elegans.
Murine sequence numbered starting from the initiation methionine (MDALI),
accession number: AF156674. CSS-Palm prediction scores were determined
with the CSS-Palm v2.0 platform. B, representative fluorographs (upper) and
Western blots (lower) of full-length ZERO-HA channels and ZERO channels
with mutation of key cysteine residues in the S0-S1 linker, expressed in
HEK293 cells. Constructs were labeled with [3H]palmitate for 4 h and immu-
noprecipitated (IP) by using �-HA magnetic microbeads and detected by fluo-
rography. Ratios (normalized to the wild-type ZERO channel) of [3H]palmitate
detection in comparison to total protein expression are included.
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Wedemonstrated previously that palmitoylation-dependent
membrane association of C-terminal constructs containing the
alternatively spliced STREX insert of the BK channel could be
controlled by phosphorylation of neighboring consensus phos-
phorylation sites (16). Phosphoproteomic analysis of BK chan-
nels has demonstrated that serine residues Ser-70 and Ser-71,
that are immediately downstream of the S0-S1 palmitoylated
cysteine residues, are phosphorylated in vivo (30). However,
site-directed mutagenesis of these residues to either phospho-
mimetic (S70:71E) or phosphornull (S70:71A) had no signifi-
cant effect on membrane association of the S0-S1-YFP fusion
protein at the cell surface (3 � 6.4% and 3 � 9.5% reduction of
wild-type S0-S1 membrane expression, respectively). This sug-
gests that the phosphorylation status of these residues does not
determine S0-S1 linker membrane association.
The effect of inhibition of endogenous palmitoylation on

localization of the S0-S1 linker at the plasma membrane was
examined with cells incubated with a palmitoylation inhibitor,
2-bromopalmitate (2-BP, 100 �M) for 24 h. This reduced asso-
ciation of the S0-S1 linker at the plasma membrane by �80%

(Fig. 2B). Together these data support the mutagenesis studies
that targeting of the S0-S1 linker to the plasma membrane is
controlled through palmitoylation of key cysteine residues.
S0-S1 Palmitoylation Has No Effect on Intrinsic Channel

Activity—To determine whether palmitoylation of S0-S1 cys-
teine residues influences channel function we used a mem-
brane-potential assay that has been previously shown to dis-
criminate between BK channel splice variants with different
calcium sensitivities (29). In this assay, BK channel activity is
driven by ionomycin-induced calcium influx and is reported by
movement of a fluorescent voltage-sensitive dye across the cell
membrane in response to changes in cell membrane potential.

FIGURE 2. Palmitoylation targets the S0-S1 linker to the plasma mem-
brane. A schematic of the short S0-S1 linker YFP fusion construct (S0-S1-YFP),
that encodes the 70 amino acid intracellular S0-S1 linker between amino
acids Arg-44 and Arg-11 fused in-frame with YFP, and relative position of the
palmitoylated cysteine residues. A, representative single cell confocal images
of the S0-S1-YFP linker, S0-S1 C53:54:56A-YFP linker, and the S0-S1-YFP linker
fusion proteins after incubation with the palmitoylation inhibitor 2BP (100
�M) for 24 h, expressed in HEK293 cells (scale bars: 10 �m). B, summary bar
graph illustrates the effect of site-directed mutagenesis of cysteine residues
in the S0-S1 linker on localization of the respective S0-S1-YFP fusion protein at
the plasma membrane expressed as a percentage of the wild-type S0-S1-YFP
fusion protein (where wild-type S0-S1-YFP membrane expression is normal-
ized to 100%). (For all S0-S1 linker constructs, N�3, n�330 cells analyzed). **,
p 	 0.01; ***, p 	 0.001 compared with wild-type S0-S1 (ANOVA with Tukey
post hoc test).

FIGURE 3. Ionomycin-driven activation of BK channels is attenuated in
S0-S1 mutant channels. A, representative time course plots of mean change
in relative fluorescence units (RFU) of the FLIPR-blue membrane potential dye
in HEK293 cells expressing ZERO (closed gray circles), ZERO C53:54A (inverted
triangles,ƒ), ZERO C53:54:56A (diamonds,�), and mock-transfected HEK293
(open circles,E), in response to calcium influx induced by 1 �M ionomycin.
B, summary bar chart of the membrane potential change for each construct
expressed as a percentage of the maximal hyperpolarization, following sub-
traction of the HEK293 response, in the ZERO (gray) variant (where the ZERO
response is normalized to 100%). Data were determined at the maximum
hyperpolarizing response in the wild-type ZERO channel (t � 70 s) in the time
course plots in A. All data are means � S.E. (n � 3, n�24), ***, p 	 0.001,
compared with ZERO (ANOVA with Tukey post hoc test).
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Activation of BK channels results in membrane hyperpolariza-
tion revealed by a decrease in relative fluorescence. We used
full-length ZERO variant channels with cysteine mutations in
the S0-S1 linker. The peakwild-type ZERO channel response at
the 70 s time point was taken as 100%, to which mutant chan-
nels could then be compared (Fig. 3A). Mutation of the triple
(C53:54:56A) cysteine residues within the identified palmi-
toylation site, significantly attenuated the activation driven by
ionomycin of mutant channels by �60% when compared with
the wild-type ZERO channel (Fig. 3B). Mutation of individual
and double cysteine residues (C53A, C54A, C56A, C53:54A)
had no significant effect.
The membrane potential assay cannot discriminate

between: shifts in the calcium/voltage sensitivity of the
channel; altered channel conductance; or changes in expres-
sion of functional channels at the plasma membrane. As the
C53:54:56A mutant channel showed the greatest change in
membrane potential, palmitoylation incorporation, and in
the imaging assays, the functional impact of the ZERO C53:
54:56A mutant channel was compared with that of the wild-
type ZERO variant channel hereafter.
Single channel slope conductance in excised inside-out

patches was unchanged between ZERO and ZEROC53:54:56A
channels (ZERO, 231 � 3.9 pS and ZERO C53:54:56A, 227 �
5.4 pS) determined in symmetrical potassium gradients (Fig. 4,
A and B). Macropatch recordings over a range of calcium
(0.33–10 �M [Ca2�]i) showed no significant difference in the
half maximal voltage for activation of the channel (Fig. 4, C–E)
and voltage dependence of the ZERO C53:54:56A channel was

not significantly changed from wild-type ZERO channels (data
not shown). These data suggest that neither changes in single
channel conductance nor channel voltage and calcium sensitiv-
ity underlie the significantly reduced channel activity of the
C53:54:56A mutant channels observed in the membrane po-
tential assays. However, we noted that there appeared to be
fewer mutant channels (ZERO C53:54:56A channels were
reduced by �70%, n � 26) at the plasma membrane compared
with wild-type ZERO channels (n � 12) in our electrophysiol-
ogy assays (data not shown). Therefore, we examined cell sur-
face expression of the ZERO channel and the mutant (ZERO
C53:54:56A) channel in quantitative immunofluorescence and
cell surface biotinylation assays.
Palmitoylation Is an Important Determinant of BK Channel

Cell Surface Expression—Mutation of the C53:54:56 palmitoy-
lation site in the S0-S1 linker of the BK channel might disrupt
normal expression at the plasma membrane. Channel con-
structs were created with extracellular N-terminal FLAG tag
epitopes that enabled detection on the extracellular surface of
transfectedHEK293 cells and with intracellular C-terminal HA
tag epitopes, to determine total protein expression. In non-
permeabilized cells, ZERO channels could be detected at the
plasma membrane however, in the palmitoylation-deficient
channels (ZERO C53:54:56A) surface expression was signifi-
cantly reduced despite total protein expression being unaf-
fected. Quantitative immunofluorescence analysis of N-termi-
nal Flag-tagged ZERO C53:54:56A mutant channels, showed a
significant �55% decrease in cell surface expression in relation
to the ZERO channel (Fig. 5, A and B). A similar reduction in

FIGURE 4. The intrinsic channel properties are un-affected in de-palmitoylated BK channels. A, representative single channel conductance recordings of
excised inside-out patches at �40 and �40 mV in 0.33 �M Ca2�. B, current (pA) voltage (V) plot for ZERO channels (closed gray circles) and ZERO C53:54:56A
(diamonds,�), showing that single channel conductance is unaffected in 0.33 �M Ca2� (n � 3). C, representative macropatch recordings traces showing BK
currents in response to a depolarizing voltage step protocol (�120 mV to �120 mV) from a holding potential of �80mV from excised inside-out patch
recordings in equimolar potassium gradients and 1 �M free Ca2� (scale bars: 1 pA/25 ms). D, G/GMAX conductance curves show no change in channel activation
at 1 �M free Ca2� between ZERO (closed gray circles) and ZERO C53:54:56A (diamonds,�). E, summary bar graph illustrates no significant changes in V0.5max
across the physiological calcium range 0.33–10 �M free calcium. All data are means � S.E. (n �3).
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cell surface expression of the C53:54:56Amutant channels was
also observed using cell surface biotinylation assays (Fig. 5C).
To investigate whether palmitoylation of the S0-S1 linker

controls cell surface expression in channels that are also palmi-
toylated at the distinct C-terminal alternatively spliced STREX
insert (16), STREX channels were also examined with muta-
tions in the S0-S1 palmitoylation site. Firstly, we examined the
S0-S1 linker mutation (C53:54:56A) in the STREX channel
using the membrane-potential assay as before. Mutation of the
S0-S1 palmitoylation site in STREX channel showed a �30%
attenuation of the ionomycin-induced activation of the chan-
nels, similar to that observed for the ZERO channel (Fig. 6, A
and B). Therefore, to determine whether the S0-S1 linker
palmitoylation site also controls cell surface expression of the
STREX splice variant of the BK channel quantitative immuno-
fluorescence analysis was performed. N-terminal Flag-tagged
STREX C53:54:56A mutant channels also showed a significant
reduction in channel surface expression of �55% when com-
pared with wild-type STREX channels (Fig. 7,A and B). STREX
channels that could not be palmitoylated at the S0-S1 linker
(STREX C53:54:56A) could still be palmitoylated via the
STREX insert as predicted (Fig. 7C). The reduction in cell sur-
face expression was further recapitulated in cell surface biotin-

ylation assays (data not shown). Taken together, these data
suggest that the S0-S1 linker palmitoylation site functions inde-
pendently of the C-terminal palmitoylation site in the STREX
insert and that the palmitoylation status of the S0-S1 linker is a
critical determinant of cell surface channel expression irrespec-
tive of C-terminal splice variation.

DISCUSSION

Wehave identified an evolutionary conserved palmitoylation
site within the intracellular N-terminal S0-S1 linker of BK
channels that plays a critical role in the control of channel cell
surface expression. Palmitoylation of the S0-S1 linker allowed
the association of this N-terminal intracellular domainwith the
plasma membrane and controlled surface expression even in
channel variants that express an additional palmitoylation-de-
pendent membrane association domain (STREX) in the intra-
cellular C terminus of the channel (16). As STREX palmitoyla-

FIGURE 5. Palmitoylation of the S0-S1 linker regulates cell surface expres-
sion of BK channels. A, representative confocal images of HEK293 cells
expressing Flag-ZERO-HA (top panels), and Flag-ZERO C53:54:56A-HA (bot-
tom panels). The extracellular Flag epitope was labeled (red) under non-per-
meabilized conditions (cell surface) with the C-terminal HA epitope tag
(green) labeled following cell permeabilization. Flag and HA labeling from the
same cell are then overlaid (merge) (scale bars: 10 �m). B, quantification of cell
surface expression between ZERO (gray bars) and ZERO C53:54:56A (white
bars). Data are means � S.E. (n �3). **, p 	 0.01, ANOVA with post hoc Tukey
test compared with Flag-ZERO-HA construct. C, representative Western blots
of HA immunoreactivity from cell surface biotinylation assays (top panels) and
corresponding whole cell lysates (bottom panels) in HEK293 cells expressing
ZERO-HA and ZERO C53:54:56A-HA channels and control mock transfected
cells.

FIGURE 6. Disruption of the S0-S1 linker palmitoylation site in STREX
splice variant channels also attenuates the ionomycin-driven channel
activation. A, representative time course plots of mean change in relative
fluorescence units (RFU) of the FLIPR-blue membrane potential dye in
HEK293 cells expressing STREX (closed black circles, F), STREX C53:54:56A
(upright triangles, ‚), and mock-transfected HEK293 (open circles, E), in
response to calcium influx induced by 1 �M ionomycin. B, summary bar chart
of the membrane potential change for each construct expressed as a percent-
age of the maximal hyperpolarization, following subtraction of the HEK293
response, in the STREX (black) variant (where the STREX response is normal-
ized to 100%). Data were determined at the maximum hyperpolarizing
response in STREX (t � 70 s) in the time course plots in A. All data are means �
S.E. (n � 3, n � 24), ***, p 	 0.001, compared with STREX (ANOVA with Tukey
post hoc test).
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tion controls channel regulation by phosphorylation (16),
rather than surface expression, as demonstrated here for the
S0-S1 linker, our work demonstrates functionally distinct pal-
mitoylation-dependent membrane interaction domains within
the same channel protein.
The identified triple cysteine palmitoylation residues in the

S0-S1 linker (C53:54:56) are conserved across the vertebrate
phylum and are largely conserved inDrosophila andC. elegans,
suggesting evolutionary retention of a functionally important
region. This site would therefore be present in all functionally
expressed BK channel proteins and is not predicted to be
excluded by alternative splicing events. Indeed, proteomic
screens identified BK channels as palmitoylated in the adult rat
brain (17), a tissue in which the only other known site for BK
channel palmitoylation is located within the STREX insert,
which is expressed at relatively low levels. As protein palmitoy-
lation is a highly dynamic and reversible process this would

suggest that palmitoylation of the S0-S1 linker may be an
important determinant in controlling BK channel cell sur-
face expression under different physiological demands. For
example, cell surface expression of BK channels is modified
in aging coronary arteries (31), in smooth muscle cells of the
uterus during pregnancy (32), colonic epithelia in response
to aldosterone (33), and during malignant glioma tumor cell
proliferation (9). While multiple mechanisms may control
steady state surface expression the control of BK channel
expression at the plasma membrane by palmitoylation may
be an important determinant of a wide range of physiological
functions.
Palmitoylation of the S0-S1 linker could modulate surface

expression bymultiple mechanisms including: (i) facilitation of
channel assembly or ER export, (ii) stabilization at the plasma
membrane, (iii) reduced retrieval from the plasma membrane,
(iv) increased recycling, or (v) reduced channel degradation.
Examination of the role of palmitoylation in each of these
mechanisms warrants further investigation. Importantly, the
S0-S1 linker per se appears to play an important role in control-
ling channel cell surface expression as revealed from analysis of
alternative splice variants that may be included in this region.
For example, a human splice variant of the BK channel called
mk44, introduces a 44 amino acid sequence immediately down-
stream of the C53:54:56 palmitoylation site in the S0-S1 intra-
cellular linker (34). This mk44 splice variant introduces a motif
for endoproteolytic digestion and a site for N-myristoylation.
N-Myristoylation of mk44 results in trapping of the channel in
the ER. However, endoproteolytic cleavage allows the S0 trans-
membrane domain to traffic independently of the rest of the
transmembrane and C-terminal domain of the channel to the
plasma membrane (34). Another splice variant in the human
BK channel, SV1, has been implicated in ER retention. The SV1
splice variant introduces 33 amino acids to the end of the S0-S1
linker introducing an ER retention-retrieval motif, CVLF (35).
Although inclusion of these splice variants is not predicted,
using the CSS-Palm algorithm, to significantly reduce palmi-
toylation of the C53:54:56 site,4 whether these inserts disrupt
palmitoylation of S0-S1 linker or its functional regulation of
channel cell surface expression remains to be explored. The S0
transmembrane domain of BK channels is also an important
determinant of BK channel �-subunit assembly with the regu-
latory �-subunits (36–40). Indeed, recent structural studies
examining intra-� subunit di-sulfide cross-linking has demon-
strated that the S0 transmembrane domain is located outside of
the voltage sensing S1-S4 domains (36) and can form a major
contact with the transmembrane domain 2 (TM2) of regulatory
�1 (36) and �4 (40) subunits. Co-expression studies have also
suggested a role for �-subunits in controlling BK channel cell
surface expression. Indeed,�1-subunits have been suggested to
decrease surface expression (41), and the �2-subunit also
appears to modulate BK surface expression via a similar mech-
anism (42). Therefore, increasing evidence supports an impor-
tant role for the S0-S1 linker and surrounding transmembrane
domains in controlling BK channel cell surface expression.

4 O. Jeffries and M. J. Shipston, unpublished data.

FIGURE 7. S0-S1 palmitoylation site functions independently of addi-
tional STREX splice variant palmitoylation site to control BK channel sur-
face expression. A, representative confocal images of HEK293 cells express-
ing Flag-STREX-HA (top panels), and Flag- STREX C53:54:56A -HA (bottom
panels). The extracellular Flag epitope was labeled (red) under non-permeabi-
lized conditions (cell surface) with the C-terminal HA epitope tag (green)
labeled following cell permeabilization. Flag and HA labeling from the same
cell are then overlaid (merge) (scale bars: 10 �m). B, quantification of cell
surface expression between STREX (black bars) and STREX C53:54:56A (white
bars). Data are means � S.E. (n �3). *, p 	 0.05, ANOVA with post hoc Tukey
test compared with Flag-STREX-HA construct. C, representative fluorographs
(upper) and Western blots (lower) of full-length STREX-HA channels and STREX
C53:54:56A channels expressed in HEK293 cells. Constructs were labeled with
[3H]palmitate for 4 h and immunoprecipitated (IP) by using �-HA magnetic
microbeads and detected by fluorography. In this particular experiment pro-
tein expression of the two constructs was not equivalent; however, the C53:
54:56A mutations do not compromise STREX expression per se. These data
reveal the residual palmitoylation of the channel mediated via the STREX
insert in contrast to the ZERO variant (see Fig. 1). Ratios (normalized to the
wild-type STREX channel) of palmitate incorporation relative to total protein
expression are included.
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Palmitoylation of the S0-S1 linker had no significant effect on
the intrinsic single channel conductance or calcium/voltage
sensitivity of BK channels. Moreover, mutation of the S0-S1
linker cysteines C53:54:56 to alanine also reduced cell surface
expression of the STREX variant of the BK channel. We have
previously demonstrated that the C terminus alternatively
spliced STREX insert is palmitoylated and targets the STREX
insert to the plasma membrane (16). Palmitoylation status of
the STREX insert has no significant effect on channel cell sur-
face expression however, it affects the calcium/voltage sensitiv-
ity of the channel and more importantly determines whether
the STREX channel is inhibited by protein kinase A (PKA)-de-
pendent phosphorylation (16). In the latter case, PKA phos-
phorylation dissociates the STREX domain from the plasma
membrane through phosphorylation of an upstream serine res-
idue. In contrast, phosphomimetic or phosphornull muta-
tions of the S0-S1 linker at a tandem serine motif, shown to
be phosphorylated in vivo (30), immediately downstream of
the palmitoylated cysteine residues, have no effect of S0-S1
linker interaction with the plasmamembrane. Taken together,
these data demonstrate that BK channels may express two
functionally distinct palmitoylation-dependent membrane
interaction domains: the C-terminal alternatively spliced
STREX insert and the constitutively expressed S0-S1 linker.
The distinct functional consequence of the palmitoylation sta-
tus of these two separate palmitoylated domains within the
same channel protein also suggests that palmitoylation of
S0-S1 and STREX may be independently regulated.
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