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The Ca2+-activated SK4 K+ channel is gated by Ca2+–calmodulin (CaM) and is expressed
in immune cells, brain, and heart. A cryoelectron microscopy (cryo-EM) structure of the
human SK4 K+ channel recently revealed four CaM molecules per channel tetramer,
where the apo CaM C-lobe and the holo CaM N-lobe interact with the proximal car-
boxyl terminus and the linker S4–S5, respectively, to gate the channel. Here, we show
that phosphatidylinositol 4-5 bisphosphate (PIP2) potently activates SK4 channels by
docking to the boundary of the CaM-binding domain. An allosteric blocker, BA6b9,
was designed to act to the CaM–PIP2-binding domain, a previously untargeted region
of SK4 channels, at the interface of the proximal carboxyl terminus and the linker
S4–S5. Site-directed mutagenesis, molecular docking, and patch-clamp electrophysiol-
ogy indicate that BA6b9 inhibits SK4 channels by interacting with two specific residues,
Arg191 and His192 in the linker S4–S5, not conserved in SK1–SK3 subunits, thereby
conferring selectivity and preventing the Ca2+–CaM N-lobe from properly interacting
with the channel linker region. Immunohistochemistry of the SK4 channel protein in
rat hearts showed a widespread expression in the sarcolemma of atrial myocytes, with a
sarcomeric striated Z-band pattern, and a weaker occurrence in the ventricle but a
marked incidence at the intercalated discs. BA6b9 significantly prolonged atrial and
atrioventricular effective refractory periods in rat isolated hearts and reduced atrial fibril-
lation induction ex vivo. Our work suggests that inhibition of SK4 K+ channels by tar-
geting drugs to the CaM–PIP2-binding domain provides a promising anti-arrhythmic
therapy.
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The family of K+ channels exclusively activated by intracellular Ca2+ consists of four
members: small-conductance (SK) channels (5–10 pS) comprising three members
(SK1–SK3) and one intermediate conductance SK4 channel (20–80 pS) (also called IK
or KCa3.1) (1–3). SK4 K+ channels share the same tetrameric architecture as voltage-
gated K+ channels, where each subunit is endowed with six transmembrane helices
(S1–S6) and cytoplasmic N and carboxyl termini (2, 3). However, they are exclusively
gated by Ca2+-bound calmodulin (CaM), tethered to a CaM-binding domain (CaMBD)
located at the proximal carboxyl terminus of the channel and contacting the S4–S5 intra-
cellular linker (2, 3). A recent cryoelectron microscopy (cryo-EM) structure of the human
SK4 K+ channel showed four CaM molecules per channel tetramer (4), where the
CaM C-lobe interacts with the proximal carboxyl terminus (helices A and B) in a Ca2+-
independent manner. The CaM N-lobe interacts in a calcified form with the S4–S5
linker, more specifically with the proximal S45A helix and carboxyl terminus to sense
Ca2+ and gate the channel (4).
SK4 K+ channels are expressed in the immune system, such as T cells, B cells, mast

cells, macrophages, and microglia (2, 5, 6), as well as in endothelial cells and proliferat-
ing neo-intimal smooth muscle cells of the vascular system (7). In immune cells, these
channels hyperpolarize the cell membrane and thus favor the driving force for calcium
entry, an essential feature for activation, proliferation, and production of cytokines (2,
3, 5, 6). SK4 K+ channels are also expressed in restricted areas of the brain, such as the
hippocampus and cerebellum, where they contribute to the slow afterhyperpolarization
(8, 9). We previously identified SK4 K+ channels in mouse sinoatrial node (SAN) and
showed that they are involved in pacemaker activity of cardiomyocytes derived from
human embryonic stem cells (10, 11). We and others suggested that SK4 channel
blockers may represent an interesting therapeutic approach for treatment of cardiac
arrhythmias. Blocking SK4 K+ channels markedly reduced the occurrence of delayed
afterdepolarization and abnormal Ca2+ transients following β-adrenergic receptor stim-
ulation in SAN cells from a mouse model of catecholaminergic polymorphic ventri-
cular tachycardia (CPVT) (10). SK4 channel blockage produced PR prolongation in
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electrocardiogram (ECG) recording and noticeable reduction of
arrhythmic features in CPVT model mice at rest and following
treadmill exercise (10). SK4 K+ channels were also shown to
abbreviate action potential duration in the canine pulmonary
vein myocardium resulting from chronic left atrial volume over-
load (12). More recently, they were found to be expressed in
canine atria and to be up-regulated following acute stroke or
rapid atrial pacing in association with atrial effective refractory
period (AERP) shortening and increased atrial fibrillation (AF)
induction (13, 14). Nonetheless, systematic evaluation of SK4
channels to normal mammalian heart electrophysiology has not
been described so far. Moreover, currently existing SK4 channel
blockers are essentially targeted to the channel pore and not to
the gating machinery.
Here, we show that phosphatidylinositol 4-5 bisphosphate

(PIP2) is a potent activator of human SK4 K+ channels acting at
the interface of the CaMBD. We designed an allosteric blocker,
BA6b9, targeting the cytosol-facing CaM–PIP2-binding domain
(CPBD). This region is located at the boundary of the SK4
channel proximal carboxyl terminus and the S4–S5 linker, which
interacts with CaM and PIP2. Docking of BA6b9 onto the
human SK4 K+ channel structure and its functional validation
by patch-clamp electrophysiology indicated that BA6b9 inhibits
the channel by interacting with two specific residues, Arg191
and His192 in the S4–S5 linker, which are not conserved in
SK1–SK3 subunits. This specific interaction confers SK4 channel
selectivity and prevents the calcified CaM N-lobe from correctly

contacting the S4–S5 linker and opening the channel. Immuno-
histochemistry of the SK4 channel protein in healthy rat hearts
showed a prevalent expression in the sarcolemma of atrial myo-
cytes, accompanied by a sarcomeric striated Z-band pattern. The
ventricle exhibited a general lower intensity but showed a marked
SK4 channel staining at the intercalated discs. BA6b9 signifi-
cantly prolonged atrial and atrioventricular effective refractory
periods in rat isolated hearts and reduced AF induced by carba-
chol. Overall, our strategy of targeting allosteric inhibitors to the
specific CaM–PIP2-binding interface, such as that of SK4 chan-
nels, provides the critical advantage of providing a selective target
signature and may offer a promising anti-arrhythmic therapy.

Results

PIP2 Is Important for SK4 K+ Channel Gating. First, we charac-
terized the calcium dependence of the human SK4 K+ channel
in transfected Chinese hamster ovary (CHO) cells using inside-
out macropatches. Currents were generated by voltage ramps
(�100 mV to +100 mV for 1 s) (Fig. 1 A and B). Currents
were normalized to the maximum response evoked by 3 μM
internal free Ca2+, plotted as a function of free Ca2+ concentra-
tions, and data points were fitted to a Hill equation, yielding a
half-maximal effective concentration (EC50) of 65 nM, a value
slightly lower but yet close to that published earlier (15). To
examine whether the channel was modulated by PIP2, we
cotransfected CHO cells with plasmids encoding SK4 channels

Fig. 1. Inside-out macropatch recordings reveal the importance of calcium and PIP2 for SK4 K+ channel gating. (A) Representative traces of WT SK4 currents
recorded from a transfected CHO cell exposed to different intracellular free Ca2+ concentrations under inside-out patch-clamp configuration. Currents are
recorded by 10 repetitive 1-s-duration voltage ramps from �100 mV to +100 mV from a holding potential of 0 mV. (B) Dose-dependent activation of WT SK4
channels by intracellular free Ca2+ in the presence (n = 5) and absence (n = 6) of BA69b 10 μM, yielding EC50s of 435 nM and 65 nM, respectively. (C) Repre-
sentative traces of WT SK4 currents before (black) and after PLL (50 μg/mL) internal application (red). (D) Internal application of PLL (50 μg/mL) decreases the
SK4 current by 68 7 4% (n = 22; two-tailed paired t test, t = 15.71, df = 21, ****P < 0.0001). (E) WT SK4 current is enhanced in response to increasing
diC8–PIP2 concentrations after prior depletion of endogenous PIP2 by PLL. The experiment is performed with internal 1 μM free Ca2+ concentration. (F)
Dose-dependent activation of WT SK4 channels coexpressed WT CaM (n = 6) or CaM T79D (n = 7) by internal application of diC8-PIP2, yielding EC50s of 154
nM and 871 nM, respectively.
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and CaM, which was previously shown to increase channel traf-
ficking to the plasma membrane (16). The currents were
recorded from inside-out macropatches, with an intracellular
solution containing a saturating concentration of 1 μM free
Ca2+. Application of poly-L-lysine (PLL) (50 μg/mL), a well-
known PIP2 scavenger (17), caused a rapid and significant
decrease in SK4 K+ currents, with 68% inhibition after 1 min
of PLL application (Fig. 1 C and D), which could not be recov-
ered by increasing intracellular free Ca2+ concentrations. In
contrast, application of the water-soluble synthetic PIP2 deriva-
tive, diC8–PIP2, could significantly and dose-dependently acti-
vate the SK4 K+ currents at 1 μM internal free Ca2+ (Fig. 1 E
and F). Normalizing the currents to the maximal activating
diC8–PIP2 concentration of 10 μM and fitting the data yielded
an EC50 of 154 nM, a value of apparent higher affinity than
that obtained for wild-type (WT) SK2 channels (1.9 μM) (18).
To further confirm the importance of PIP2 in channel activa-
tion, CHO cells were cotransfected with plasmids encoding
SK4 channels and PIP4,5-kinase that elevates PIP2 levels by
producing PIP2 from phosphatidylinositol 4-phosphate (19),
and the resulting K+ currents were recorded in the whole-cell
configuration of the patch-clamp technique, in the presence of
1 μM internal free Ca2+. In the presence of PIP4,5-kinase, the

current density of WT SK4 channels was considerably increased
by 3.7-fold (Fig. 2A). Taken together, these data indicate that
PIP2 is required for proper SK4 channel gating. However, the
high diC8–PIP2 apparent affinity questions how SK4 channels
could be properly modulated by PIP2 and Ca2+ within a
dynamic range of concentrations in physiological conditions. Pre-
vious studies showed that phosphorylation of CaM at T79 by
casein kinase II (CK2) reduces both the Ca2+ and the PIP2 sen-
sitivity of the SK2/CaM channel complex for activation, suggest-
ing that the levels of CaM phosphorylation could modulate the
actual affinity of PIP2 and Ca2+ for the channel (18, 20). To
probe whether phosphorylation of CaM at T79 also affects the
activation of SK4 channels by Ca2+ and PIP2, we used the phos-
phomimetic mutant of CaM, T79D. To rule out any effect of
CaM on channel trafficking, we first used purified recombinant
proteins of WT CaM (3 μM) and CaM T79D (3 μM) that we
introduced into the pipette internal solution containing a saturat-
ing concentration of 5 μM free Ca2+ and recorded the K+

currents produced by WT SK4 channels. A significant smaller
current density (54% decrease) was obtained when the pipette
solution contained recombinant CaM T79D (66 pA/pF) as com-
pared with WT CaM (142 pA/pF) (Fig. 2B). This is likely due
to exchange of the channel-bound endogenous CaM with the

Fig. 2. PIP2–calmodulin interface and SK4 channel activation. (A) Effects of increased PIP2 levels by cotransfection with PIP4,5 kinase on WT and mutant
SK4 channels. Whole-cell SK4 K+ currents are activated using a voltage ramp protocol from �100 mV to +60 mV for 150 ms. PIP4,5 kinase significantly
increases WT SK4 and mutant Q353A currents by 3.7- and 3.5-fold, respectively (n = 41 and n = 29, respectively; one-way ANOVA, F (15, 224) = 17.74, Sidak’s
multiple comparisons test P < 0.0001); all other mutants are not activated by PIP4,5 kinase (n = 5–36). (B) Internal purified CaM T79D (3 μM) produces signifi-
cantly lower SK4 currents than with WT CaM (n = 10–11, two-tailed unpaired t test, t = 2.099, df = 19, P < 0.0454). (C) PIP4,5 kinase significantly increases
SK4 currents cotransfected with WT CaM, while no effects are observed with CaM mutants K75A and T79D (n = 8–19). (D) Cotransfection of WT SK4 channels
with CK2α subunit enzyme significantly decreases current density by 47 7 6% (n = 9–12, two-tailed unpaired t test, t = 2.433, df = 19, *P = 0.0250). (E) Dock-
ing of PIP2 (cyan/orange stick) to the Ca2+-bound state I (6CNN) of the SK4 channel cryo-EM structure; the S1–S4 helices, the CaM, and the SK4 proximal carboxyl
terminus (helices A and B) are shown in deep purple, gray, and light cyan, respectively. (F) Zoom-in of the PIP2-binding pocket showing the interacting residues.
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CaM T79D mutant. Similarly, coexpression of WT SK4 chan-
nels with the CK2 α subunit enzyme, known to phosphorylate
CaM at T79, produced a 47% decrease of the current density
with a pipette solution containing 5 μM free Ca2+ and 5 mM
ATP K2 (Fig. 2D). Then, we examined the ability of PIP2 to
stimulate SK4 currents under conditions of CaM phosphoryla-
tion. We coexpressed WT SK4 channels with either WT CaM
or CaM T79D in the absence or presence of PIP4,5-kinase. In
the presence of PIP4,5-kinase, the current density of WT SK4
channels was significantly increased upon coexpression with WT
CaM (2.6-fold), but not with CaM T79D (1.1-fold) (Fig. 2C).
Finally, we measured in inside-out macropatches the apparent
affinity of diC8–PIP2 for WT SK4 channel activation in the
presence of the phosphomimetic mutant CaM T79D. We found
that diC8–PIP2 exhibits a 5.6-fold lower affinity with CaM
T79D (EC50 = 871 nM) than with WT CaM (EC50 = 154 nM)
(Fig. 1F). Altogether, these data suggest that, like with SK2 chan-
nels (18, 20), phosphorylation of CaM at T79 can lower the
sensitivity of SK4 channel activation by PIP2 and Ca2+.

PIP2 Molecular Docking and Experimental Validation. The
PIP2 molecule bears a net negative charge at physiological pH
that allows it to engage in electrostatic interactions with posi-
tively charged regions of proteins. The human SK4 channel
cryo-EM structure (4) was previously determined in the absence
of PIP2. Therefore, using the Glide docking algorithm (see
Materials and Methods), PIP2 was docked to the Ca2+-bound
state I (6CNN) of the channel at the interface of CaM and the
SK4 proximal carboxyl terminus with CaM T79 serving as an
anchor. More than 100 docking simulations were performed and
scored based on their docked binding energies, where the final
PIP2 docking pose was selected according to the best energy
score. Molecular docking of PIP2 revealed that the outward-
facing fatty acid tail could fit into a gorge formed by the bound-
aries of S1, S2, S3, and S4 transmembrane helices (Fig. 2E). The
inward-facing phosphate head groups are near the bottom of the
PIP2-binding pocket formed by linker S4–S5, the CaM interlobe
region, and helix B of the proximal carboxyl terminus from an
adjacent subunit (Fig. 2E). In linker S4–S5, the guanidinium
group of R180 could interact via H-bonding with the phosphate
P4 of PIP2 (distance H–O = 1.7 Å). Similarly, R191 can be
engaged via its guanidinium functionality into H-bonding with
the P4 of PIP2 (distance H–O = 2.0 Å) (Fig. 2F). In helix B of
the neighboring subunit, thanks to their guanidinium groups,
R352, R355, and R359 could interact via H-bonding with the
phosphate P5 of PIP2 (distances H–O = 1.7 Å, 2 Å, and 2.5 Å,
respectively). In the same region, the nonpolar residue L356 is
close to the PIP2 phosphodiester moiety (distance H–O = 2.7 Å),
and we assume that hydrophobic interactions may affect the posi-
tioning of the fatty acid tail in the gorge. In the CaM interlobe
linker, the ε amine of K75 can interact via H-bonding with the
phosphate P4 of PIP2 (distance H–O = 1.8 Å) (Fig. 2F).
To validate functionally the PIP2 docking site, we mutated

positively charged residues interacting with the oxygen of the
PIP2 phosphate head groups as well as other residues that were
at putative atomic proximity of the PIP2 molecule, such as
L356 in helix B. We measured the impact of the mutations on
the current densities resulting from coexpression of SK4 chan-
nels with PIP4,5-kinase using whole-cell patch-clamp recording,
with 1 μM free Ca2+ in the pipette solution (Fig. 2 A and C).
Mutants R180A, R191A of linker S4–S5 and R352Q, R355G,
R359G of helix B, which lack positive charge, were unable to be
activated by PIP4,5-kinase (1.6-, 0.8-, 0.8-, 1-, and 0.5-fold,
respectively) as compared with WT SK4 (3.7-fold) (Fig. 2A).

Mutant K75A of the CaM linker coexpressed with WT SK4
channel was also unable to be activated by PIP4,5-kinase (0.7-
fold) (Fig. 2C). Mutant L356W of helix B is insensitive to activa-
tion by PIP4,5-kinase (1.1-fold), suggesting that this residue, in
proximity to the PIP2 phosphodiester bond, may play a role in
the appropriate PIP2 docking into the gorge of the S1–S4 trans-
membrane region. Noteworthy, mutation of residue Q353
(Q353A), which does not interact with PIP2 and is the close
neighbor of residue R352, is potently activated by PIP4,5-kinase
(3.5-fold) (Fig. 2A), underscoring the specificity of PIP2 interac-
tions. In all, these data suggest that PIP2 is a pivotal gating mole-
cule sitting in a pocket formed by S1–S4 helices, linker S4–S5,
CaM interlobe region, and helix B of the proximal carboxyl ter-
minus of the neighboring subunit.

Design of Small Allosteric Inhibitors Targeting the CPBD. The
currently existing SK4 channel blockers (e.g., TRAM34 or
clotrimazole) act on the channel pore and may not be suitable for
clinical development so far (21, 22). In this work, we aimed to
target inhibitors to the SK4 channel gating domain. We designed
new compounds, 2-benzimidazolinone derivatives, based on the
prototypical opener 1-EBIO (23) (Fig. 3A), which was previously
shown to interact at the interface of the CaM N-lobe and the
CaM-binding domain of the proximal carboxyl terminus of
SK2 channels (18, 24, 25) (SI Appendix, Fig. S1A). We first
substituted halogen atoms (chloride or bromide) on the aromatic
ring of the benzimidazole moiety and obtained compounds such
as BA40 and BA100, which were not blockers but rather weak
openers of SK4 channels with 1.4-fold and 1.3-fold current
increase, respectively, at 10 μM (SI Appendix, Fig. S1 and Fig. 3
B and D). Next, we designed 2-benzimidazolinone analogs with
one or two linear alkyl chains of various lengths from 1 to up to
12 carbons (SI Appendix, Fig. S1). Out of 45 synthesized mole-
cules, all derivatives with two linear alkyl chains of various lengths
were inactive on SK4 channels. Among 2-benzimidazolinone
derivatives bearing only one linear alkyl chain, blockers of SK4
channels were obtained only with analogs comprising alkyl chains
of 5–7 carbons, such as BA4b, BA5b, and BA6b (SI Appendix,
Fig. S1). BA6b, which exhibits a heptyl chain, significantly inhib-
ited SK4 currents by 25% and 50% at 20 μM and 50 μM,
respectively (Fig. 3 C and D). Interestingly, analogs bearing linear
alkyl chains of less than five and more than eight carbons were
inactive on SK4 channels (SI Appendix). To improve the activity
of BA6b, we designed a 2-benzoxazolinone analog, BA6b9, com-
prising a benzoxazole ring bearing a carbonyl group and a linear
heptyl tail connected to the benzoxazole nitrogen. We obtained
the actual most potent compound, which reversibly blocked the
SK4 currents with an apparent half-maximal inhibitory concentra-
tion (IC50) of 8.6 μM (Fig. 3 E and F, see also SI Appendix, Fig.
S2). In inside-out macropatches (Fig. 3G), 10 μM BA6b9
potently inhibits the SK4 currents by 66%. In view of its hydro-
phobic alkyl tail, the apparent affinity of BA6b9 is likely underes-
timated, knowing its low solubility in aqueous solutions and its
potential propensity to form micellar aggregates. We performed a
solubility assay where a 10-mM stock solution of BA6b9 in
DMSO was diluted to 0.5 mM in PBS, shaken in room tempera-
ture for 1.5 h, and then diluted to a 250-μM solution using a
mobile phase mixture and injected to high-performance liquid
chromatography (HPLC). Knowing the retention time of BA6b9,
we could quantify and compare the peak area of a 250-μM
DMSO solution (100% DMSO) and a 250-μM DMSO/PBS
solution (5% DMSO). The solubility of BA6b9 in the DMSO/
PBS solution was ∼6 μM, meaning that the actual IC50 of
BA6b9 is likely overestimated and might be closer to 0.2 μM.
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However, in this study, we stuck to the nominal concentrations
of all drugs for the sake of clarity and systematically worked with
filtered solutions (0.2 μm Whatman filter) containing 0.1%
DMSO. Although BA6b9 is a weaker blocker of SK4 channels
when compared with Tram-34, it acts to a different region of
SK4 channels (see below) (Fig. 3 E–I; 0.5 μM Tram-34 and
20 μM BA6b9 produced 87% and 56% inhibition, respectively).

BA6b9 Molecular Docking and Experimental Validation.
Molecular docking of BA6b9 to the Ca2+-bound state I (6CNN)
of the SK4 channel was performed in the presence of bound PIP2
that was docked as described above. The docking pose revealed
that the molecule fits into a gorge formed by boundaries of S1
and S4 transmembrane helices and linker S4–S5 near to the
bound PIP2, where the inward-facing heptyl tail contacts the bot-
tom of the BA6b9-binding pocket formed by the CaM linker
(Fig. 4F). In linker S4–S5, the guanidinium group of R191 could
interact via H-bonding with the carbonyl oxygen from the ben-
zoxazole group of BA6b9 (distance H–O = 1.9 Å) (Fig. 4F). Res-
idue H192 can engage into aromatic H-bonding or π–π stacking
interactions between the imidazole moiety of histidine and the

benzoxazole ring of BA6b9 (d= 4.2 Å). In the docking pose,
residue M76 of the CaM linker “clashes” with BA6b9, while
M72 might be involved in hydrophobic interactions (Fig. 4F).
Molecular docking of 1-EBIO and BA40 to the SK4 channel
(6CNN) reveals that both openers dock very differently from
BA6b9. In contrast to BA6b9, 1-EBIO and BA40 are distant
from the CaM residue M76 (d >11Å) and thereby do not clash
with it in the computational docking (SI Appendix, Fig. S3). Both
molecules sit in a similar way at the bottom of the inward-facing
phosphate head groups of PIP2, and their docking poses suggest
that they might stabilize the SK4 channel–CaM complex by inter-
acting with the CaM interlobe linker (R74, K75) (SI Appendix,
Fig. S3).

To validate functionally the ligand docking site, we mutated
residues that are expected to interact with BA6b9, such as
R191 and H192 of linker S4–S5, M72 and M76 of the CaM
linker, and other residues that are more distant from BA6b9 as
negative control. Mutations of residues in linker S4–S5, such as
Y179S, S181A, A184R, Q187A, and R189A, which are remote
from the docked ligand, exhibited comparable inhibition by
20 μM BA6b9 to that of WT SK4 channels (ranging from

Fig. 3. Effects of small allosteric modulators on SK4 channel activation. (A) Chemical structure of 1-EBIO. (B) Representative trace of WT SK4 currents in the
absence and presence of 10 μM BA-40, showing activation of ∼1.4-fold. Whole-cell SK4 K+ currents are activated using a voltage ramp protocol from �100
mV to +60 mV for 150 ms. (C) Representative trace of WT SK4 currents in the absence and presence of 20 μM BA6b, showing an inhibition of ∼25%. (D) Sta-
tistical summary of the pharmacological effects of 10 μM BA-40, 10 μM BA-100, and 20 μM BA6b on WT SK4 currents with 42 7 8% activation (n = 14), 28 7
6% activation (n = 9), and 25 7 2% inhibition (n = 6), respectively. (E) Representative trace of WT SK4 currents in the absence and presence of 20 μM BA6b9,
displaying an inhibition of ∼56%. (F) Dose-dependent inhibition of WT SK4 channels by BA69b yielding an apparent IC50 of 8.6 7 0.8 μM (n = 6). (G) Represen-
tative traces of an inside-out macropatch from a CHO cell expressing WT SK4 channels in the absence and presence of 10 μM BA6b9 under internal 1 μM
free Ca2+ concentration. Currents are recorded by 10 repetitive 1-s-duration voltage ramps from �100 mV to +100 mV from a holding potential of 0 mV. (H)
Representative trace of WT SK4 currents in the absence and presence of 0.5 μM Tram-34, demonstrating an inhibition of ∼86%. (I) Statistical summary of the
pharmacological effects of 0.5 μM Tram-34 and 20 μM BA6b9 on WT SK4 currents with 86 7 4% (n = 5) and 56 7 1% (n = 41) inhibition, respectively.
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59 to 46% inhibition) (Fig. 4 D and F). Mutants located at the
N terminus, such as L19W and E22A, do not interact with
BA6b9 yet showed 46% and 56% inhibition, respectively,
similar to that obtained with WT (56%). In contrast, mutant
residues interacting with BA6b9, such as R191A and H192A,
displayed significantly weaker inhibition of 30% and 16%,
respectively, as compared with WT (Fig. 4 A, B, D, and F).
Importantly, these two residues, Arg191 and His192, are spe-
cific to SK4 channels and are replaced, respectively, by Asn and
Thr in SK1, SK2, and SK3 channels (SI Appendix, Fig. S4).
Therefore, it was important to examine the effect of BA6b9 on
the SK1–3 homomeric channels. While 20 μM BA6b9 pro-
duced a 56% inhibition of WT SK4 currents, it did not affect
SK1, SK2, and SK3 currents with a drug/control current ratio
of 1.18, 1.34, and 0.95, respectively (SI Appendix, Fig. S4).
Interestingly, mutant R352Q of helix B, which is distant from
BA6b9 and is unable to be activated by PIP4,5-kinase (Fig.
2A), showed a significant smaller inhibition (31%) compared
with WT, suggesting an allosteric impact of this helix B site to
the docking stability of the ligand (Fig. 4D). In the CaM linker,
which forms the floor of the BA6b9-binding pocket, mutants
M72A and M76A exhibited no or weak inhibition of 0% and
19%, respectively, suggesting that, under these conditions, the
CaM mutants do not clash with BA6b9, which allows the correct
CaM interaction with linker S4–S5 and precludes the blocking
effect of BA6b9 (Fig. 4 C, E, and F). Thus, we assume that
BA6b9 exerts its inhibitory action by preventing the calcified
CaM N-lobe to properly contact its S4–S5 linker site to open
the channel, which is expected to affect the Ca2+ dependence of
SK4 channels. To probe the postulated allosteric inhibition of
BA6b9, we measured the Ca2+-dependent activation of WT

SK4 channels in inside-out macropatches in the absence and
presence of 10 μM BA6b9. We found that BA6b9 lowers the
sensitivity of SK4 channels to Ca2+ by about sevenfold with an
EC50 for Ca

2+ of 435 nM (Fig. 1B). As our purposed goal was
to target this allosteric blocker to SK4 channels in the heart, it
was important to examine its selectivity to other prominent car-
diac K+ currents, such as IKur (Kv1.5), IK,slow (Kv2.1), IKr (Kv11.1
or hERG), and IKs (KCNQ1+KCNE1) (26–28). Results indicate
that none of these K+ channels were affected by BA6b9 in trans-
fected CHO cells (SI Appendix, Fig. S4 B and D).

Expression of the SK4 Channel Protein in Adult Rat Hearts. In
view of our previous work (10, 11) and other recent studies
(12–14, 29) suggesting that SK4 channel blockers may improve
heart rhythm in cardiac arrhythmias, we examined the expres-
sion of SK4 channels in adult healthy rat hearts by immunohis-
tochemistry. Before immunostaining of the cardiac tissue, three
different antibodies were first tested for their specificity by their
ability to label the SK4 channel expressed in transfected CHO
cells. Using nontransfected cells as a measure of background
staining and SK4-transfected cells as a positive control, only
one antibody (sc-365265, Santa Cruz) demonstrated excellent
label selectivity (SI Appendix, Fig. S5). Indeed, this antibody
was very selective for SK4 channels, since it did not label SK1-,
SK2-, and SK3-transfected CHO cells as well as nontransfected
CHO cells (SI Appendix, Fig. S5). Immuno-localization of SK4
channels was performed on 4-μm-thick slices of left atrium and
ventricles. We found a widespread expression of the SK4 chan-
nel protein in atrial myocytes, with a staining at the sarco-
lemma as well as the intracellular membrane network with a
sarcomeric striated Z-band pattern, illustrated by the colabel of

Fig. 4. Molecular docking of BA6b9 and functional validation in transfected CHO cells. (A) Representative trace of WT SK4 currents in the absence and pres-
ence of 20 μM BA6b9. (B) Representative trace of the SK4 mutant H192A current in the absence and presence of 20 μM BA6b9, showing the significant lower
inhibition (16%) compared with that obtained for WT SK4 (56%). (C) Representative trace of WT SK4 channel cotransfected with CaM mutant M72A in the
absence and presence of 20 μM BA6b9, showing complete insensitivity to inhibition by BA6b9. (D) SK4 channel mutants R352Q, R191A, and H192A are signif-
icantly less sensitive to the inhibitory effect of 20 μM BA6b9 compared with WT SK4 (one-way ANOVA, F (10, 165) = 10.27; Dunnett’s multiple comparisons
test; n = 14, P < 0.0003, n = 16, P < 0.0001 and n = 11, P < 0.0001, and n = 62, respectively). (E) Statistical summary of the pharmacological effects of 20 μM
BA6b9 on WT SK4 channel cotransfected with CaM mutants M72A and M76A, displaying their significant lower sensitivity to BA6b9 inhibition (one-way
ANOVA, F(2, 35) = 25.59, Dunnett’s multiple comparisons test; respectively, 0 7 3% inhibition n = 7, P < 0.0001 and 19 7 9% inhibition n = 7, P = 0.0008) as
compared with WT CaM (47% inhibition, n = 24). (F) BA6b9-binding pocket showing the interacting residues. BA6b9 is docked to the Ca2+-bound state I
(6CNN) of the SK4 channel cryo-EM structure; BA6b9, PIP2, S1 helix and S4–S5 linker, CaM, and the SK4 proximal carboxyl terminus (helix B) are represented
by green stick, cyan/orange stick, deep purple, gray, and cyan, respectively.
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α-actinin (Figs. 5 C and E and 6 A and B). In the ventricle,
SK4 channel staining showed a lower overall intensity com-
pared with the atrial tissue, especially considering the marked
staining in vascular endothelium where SK4 is abundantly pre-
sent (Fig. 5D). Staining was evident not only in the sarco-
lemma and striations across cells but was additionally localized
at the intercalated discs between ventricular myocytes (Fig. 6 C
and D). Importantly, immuno-localization of SK4 channel was

detected in slices of human heart with a stronger staining of the
atrium than the ventricle. Also, similar to rat heart, a marked
SK4 channel expression was found in the vascular endothelium
of atrial and ventricular capillaries (SI Appendix, Fig. S6).

Effects of BA6b9 on Isolated Rat Heart Preparations. To
examine the impact of BA6b9 on cardiac electrophysiology and
mechanical function, we used the Langendorff isolated heart

Fig. 5. Immunohistochemistry of SK4 channel and α-actinin expression in healthy rat cardiac tissue. Representative left atrial (LA) and left ventricular (LV)
paraffin embedded sections of a healthy rat heart. (A and B) Sections are processed and stained with secondary antibodies as a negative control. (C and D)
Sections are labeled exclusively with SK4 monoclonal antibody and stained with Congo Red as described in “Materials and Methods”. Note the enhanced
intensity and scatter of the red staining in the LA cardiomyocytes in (C) compared with the LV in (D). Note also, in (D), the positive staining of SK4 channel of
a blood vessel. (E and F) Sections are exclusively labeled with α-actinin polyclonal antibody and stained with 3,3’-diaminobenzidine as described in “Materials
and Methods”. Notice the sarcomeric striated Z-band pattern of α-actinin.

Fig. 6. Double staining immunohistochemistry of SK4 channel and α-actinin expression in healthy rat cardiac tissue. (A and B) Double-stained LA with SK4
channel and α-actinin antibodies, showing SK4 channel localization at the sarcolemma as well as in the intracellular membrane network with a sarcomeric
striated Z-band pattern in (B). (C and D) Double-stained LV with SK4 channel and α-actinin antibodies showing localization not only in the sarcolemma and
striations across the cells but also at the intercalated discs between ventricular myocytes in (D) (black arrows).
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model in adult healthy rats. As a proof of concept, we first used
Tram-34, a prototypical SK4 channel blocker (30). Tram-34
(10 μM) produced significant prolongation of AERP and atrio-
ventricular node effective refractory period (AVERP) without
affecting the ventricular effective refractory period (VERP)
(Fig. 7A). Tram-34 induced negative chronotropic and dromo-
tropic effects reflected by the reduced heart rate and prolonged
PR interval (Fig. 7 B and C). Likewise, BA6b9 (10 μM) pro-
longed AERP and AVERP but did not change the VERP (Fig.
7G and SI Appendix, Fig. S7). Also, BA6b9 produced similar
chronotropic and dromotropic effects (Fig. 7 H and I). Neither
BA6b9 nor Tram-34 affected the diastolic capture threshold in
atria or ventricles. Importantly, BA6b9 (10 μM) and Tram-34
(10 μM) can decrease the AF substrate induced by the choliner-
gic agonist carbachol (0.3 μM) (Fig. 7 D, F, J, and K). Sus-
tained AF was induced using a burst pacing protocol in which
pacing intensity is gradually increased from 2× to 6× diastolic
threshold. While 100% AF induction was obtained with carba-
chol (0.3 μM) alone, only 71% and 70% AF induction were
achieved when Tram34 or BA6b9 were present (Fig. 7 E and K).

Moreover, when we quantified sustained induction by an AF
induction score (AFIS), where the lower the induction threshold
the higher is the score, Tram-34 and BA6b9 markedly reduced
the AFIS from 3.1 (carbachol alone) to 1.4 and 1.6, respectively
(Fig. 7 D and J). Regarding the hemodynamic parameters,
Tram-34 did not affect the left ventricular developed pressure (SI
Appendix, Fig. S8A) but mildly affected the contraction kinetics
(SI Appendix, Fig. S8 B and C). BA6b9 slightly reduced the
developed pressure and tended to affect the contraction kinetics
in a similar manner as Tram-34 (SI Appendix, Fig. S8 E–G).
While Tram-34 mildly lowered the coronary flow under constant
perfusion pressure, indicating an increase in coronary resistance,
BA6b9 had no such effect (SI Appendix, Fig. S8 D and H).

Discussion

In this study, we revealed four important new findings: (1) we
showed that PIP2 is a potent activator of SK4 K+ channels and
characterized its molecular binding pocket; (2) we designed a
novel allosteric blocker, BA6b9, acting to a previously untargeted

Fig. 7. Tram-34 and BA6b9 effects on the electrophysiological properties of the isolated rat hearts. Data are analyzed by two-tailed paired t test, except in
(D) and (J), by two-tailed Mann Whitney test. (A and G) AERP and AVERP are significantly prolonged by 10 μM Tram-34 (n = 12, t = 3.293, df = 11, P = 0.0072
and t = 4.197, df = 11, P = 0.0015, respectively) and 10 μM BA6b9 (n = 16, t = 2.822, df = 15, P = 0.0129 and n = 15, t = 4.706, df = 14, P = 0.0003, respec-
tively). (B and H) Heart rate is significantly decreased by 10 μM Tram-34 (n = 21, t = 5.816, df = 20, P < 0.0001) and 10 μM BA6b9 (n = 19, t = 6.209, df = 18,
P < 0.0001). (C and I) PR interval is significantly increased by 10 μM Tram-34 (n = 11, t = 5.997, df = 10, P = 0.0001) and 10 μM BA6b9 (n = 17, t = 5.592,
df = 16, P < 0.0001). (D and J) Ten micromolar Tram-34 and 10 μM BA6b9 significantly lower AFIS (see Materials and Methods) by 54% and 48%, respectively,
compared with carbachol alone (n = 7, P = 0.0023 and n = 10, P = 0.0218, respectively). (E and K) Ten micromolar Tram-34 and 10 μM BA6b9 prevent sustain-
ability (see Materials and Methods) in 28% (2/7) and 30% (3/10) of heart preparations, respectively. (F1) Representative recording showing AF induced after
10-min incubation with 0.3 μM carbachol by burst pacing through a quadripolar electrode attached to the high right atrium. (F2) Higher time resolution
recording of the area marked by horizontal bar in (F1).
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region of SK4 channels, the CPBD; and (3) immunohistochem-
istry of the SK4 channel protein in adult healthy rat hearts
showed a widespread expression in the sarcolemma of atrial myo-
cytes, accompanied by a sarcomeric striated Z-band pattern. The
ventricle exhibited a general lower intensity but showed a marked
SK4 channel staining at the intercalated discs. (4) We found that
SK4 channel blockade increases atrial and atrioventricular refrac-
toriness, suggesting that targeting the CPBD region by allosteric
inhibitors can offer a novel promising anti-arrhythmic therapy.
Several lines of evidence indicate that PIP2 is important for

SK4 channel gating: (1) low concentration of PLL (50 μg/mL)
produces rapid inhibition of SK4 currents and (2) the PIP2
derivative, diC8-PIP2, dose-dependently activates SK4 currents
in the presence of Ca2+. (3) PIP4,5-kinase that elevates PIP2
levels (19) markedly increases the current density of SK4 chan-
nels. Although the recent cryo-EM structure of the human SK4
channel was determined in the absence of PIP2 molecules (4),
our docking and electrophysiology validation data suggest that
PIP2 plausibly binds to a pocket where the outward-facing fatty
acid tail accommodates to the gorge molded by boundaries of
transmembrane helices S1–S4, while the inward-facing phos-
phate head groups interact via H-bonding with linker S4–S5,
CaM interlobe region, and helix B of the proximal carboxyl
terminus from an adjacent subunit. This PIP2 site is part of
the gating machinery, where it could exert in cooperation with
Ca2+–CaM its gating function. PIP2 may assist the downward
pulling of linker S4–S5 and, by its interaction with helix B of
the neighboring subunit, may help to expand S6 helices and
couple the linker movement initiated by the calcified CaM
N-lobe to open the remote channel gate. We do not exclude
the possibility that additional PIP2 molecules interact with
other regions of the channel. (4) PLL inhibitory effects could
not be reversed by increases in intracellular Ca2+ but only by
simultaneous application of both Ca2+ and diC8-PIP2. The
crucial requirement of PIP2 for SK4 channel gating is similar
to that found previously for SK2 channels (18, 24). However,
diC8-PIP2 exhibits a higher affinity than that found for SK2
channels. Can PIP2 and Ca2+ dynamically modulate SK4
channels under physiological conditions? For SK2 channels, it
was elegantly shown that phosphorylation by CK2 of residue
T79 in the CaM linker reduces the affinity of PIP2 (18). This
effect of CaM phosphorylation was shown to promote greater
SK2 channel inhibition by G-protein–mediated hydrolysis of
PIP2 (18). Our data showed that the phosphomimetic CaM
mutant, T79D, markedly lowers the affinity of diC8-PIP2 for
SK4 channel activation. Thus, like with SK2 channels, phos-
phorylation of CaM at T79 can decrease the sensitivity of SK4
channels to PIP2 and Ca2+ and thereby potentially tune the
dynamic range of actual ligand concentrations required for gating.
The pharmacological toolbox of SK4 channel blockers has

mainly focused on targeting the pore region, and currently
existing inhibitory drugs do not obviously suit for clinical
development (2, 18, 21, 22). In this study, we aimed to target
blockers to the SK4 channel gating machinery. Thus, using the
2-benzimidazolinone template, 1-EBIO (23), known to act as a
nonselective opener at the CaM-binding domain (24, 25), the
BA6b9 molecule was designed to comprise a benzoxazole ring
with a carbonyl group and an heptyl tail. Thanks to H-bonding
and π–π stacking interactions, BA6b9 docks nearby PIP2 to the
CPBD, a specific region located at the boundary of the channel
proximal carboxyl terminus and the S4–S5 linker. Remarkably,
BA6b9 mainly interacts with R191 and H192, two residues that
are not conserved in SK1–SK3 subunits, therefore conferring
SK4 channel selectivity. The computational docking clash of the

CaM linker region onto BA6b9 with the resulting lower inhibi-
tion displayed by mutants M72A and M76A and the rightward
shift of the Ca2+ dependence for SK4 channel activation suggest
that BA6b9 allosterically inhibits SK4 channels. It does so by act-
ing at the CaM–PIP2 interface to disrupt the correct interaction
of the calcified CaM N-lobe with the proximal S45A helix and,
as such, prevents gate opening. Although the interface between
the CaM N-lobe and the S45A linker helix is reported to be the
target of some benzothiazole/oxazole-type SK channel activators
(SKA compounds) (31), BA6b9 is, to our knowledge, the first
allosteric inhibitor that is rationally designed to act at the CPBD
region to prevent opening of the remote channel gate. For exam-
ple, the KCa channel activator SKA-111 is assumed to bind to
the pocket formed by the S45A helix and the CaM N-lobe. It
interacts with SK4 channel residues S181, A184, and L185 (31),
which are conserved in SK1–3 channel subunits, raising the con-
cern of selectivity of such molecules. Advantageously, BA6b9
interacts with the S45A helix at residues R191 and H192 that are
not shared by SK1–3 channel subunits, which provides a remark-
able selectivity for SK4 channels as confirmed by electrophysio-
logical data. Strengthening this notion of allosteric modulator,
the slight modification of the ligand by removing the alkyl chain
and substituting the aromatic ring with halogen atoms, such as
in BA40 and BA100, converts these molecules to openers. We
showed that BA40 and 1-EBIO dock very differently from
BA6b9 to the SK4 channel in a way that possibly stabilizes CaM
and PIP2 interactions with the S4–S5 linker. Obviously,
BA6b9 low solubility in aqueous solutions might not be optimal
for drug development, but ongoing experiments are designed to
improve its affinity and optimize its solubility.

In the heart, SK1–SK3 channels are mainly expressed in atrial
myocytes, where they are activated by increased cytoplasmic
Ca2+ (26). They are involved in late action potential repolariza-
tion in human atria (32). While the role of SK1–SK3 channels
in the genesis of cardiac arrhythmias is increasingly documented,
it is still not clear what the consequences of their activation or
inhibition are (26, 33, 34). Recent studies (13, 14, 29), including
our own work (10, 11), suggest that SK4 channel blockers may
be of therapeutic potential for treating cardiac arrhythmias. We
previously showed that Tram-34 prominently reduces the ECG
arrhythmic features of CPVT model mice (10). Another work
showed in canine heart that SK4 K+ channels are expressed in
atria and are up-regulated after acute stroke or rapid atrial pacing
(14). Here, our immunohistochemistry data also indicate the
strong expression of the SK4 channel protein in rat atrium,
which is localized to the sarcolemmal membrane and intracellu-
larly in a striated Z-band pattern across the myocytes. This tissue
distribution is similar to that described for SK1–SK3 channels
in mouse atrial cardiomyocytes (32). In the ventricle, SK4 chan-
nels are detected in the sarcolemma and intracellular regions,
although at lower intensity than in the atrium, but they addition-
ally localize to intercalated discs, the site of contact between
adjacent cardiomyocytes that confers mechanical and electrical
cellular coupling. A no. of ion channels are targeted to the inter-
calated disk membrane structure, such as connexin 43 (Cx43),
the Na+ channel Nav1.5, and K+ channels, like Kv1.5, Kv7.1,
SK2, Kir 6.2, Kir 2.1, or Kir 2.3 (32, 35–37). Although the pres-
ence of SK4 channels in intercalated disk membranes suggests a
possible involvement in intercellular junctions, their role in this
context remains to be elucidated.

Importantly, the present study shows that the allosteric SK4
channel blocker, BA6b9, significantly prolongs AERP and
AVERP in healthy rat hearts, with VERP remaining unchanged
and hemodynamic parameters only mildly affected. Moreover,
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BA6b9 decreases the AF substrate induced by carbachol. Simi-
lar features are exhibited by Tram-34. Interestingly, a recent
work reported that inhibition of SK4 channels by Tram-34
potently suppresses in vivo the vulnerability to AF induced by
rapid atrial pacing in canine heart (29), suggesting that addi-
tional animal models of AF need to be examined with BA6b9
in future studies, notably by using primate or porcine hearts
that are more similar to those of humans. Of note, the supra-
ventricular impact of SK4 channel blockage, the negative chro-
notropic and dromotropic effects, useful in AF rate control and
hemodynamic stability, all support the notion that blockage of
SK4 channels is an attractive pharmacological target for the
treatment of AF.
In conclusion, in contrast to classical approaches that target

drug blockers to the relatively conserved and hydrophobic pore
region of K+ channels, our strategy to design allosteric inhibi-
tors acting to the specific CaM–PIP2-binding interface may
offer a promise for selectivity and, as exemplified by SK4 K+

channels, a therapeutic opportunity to treat cardiac arrhyth-
mias, such as AF.

Materials and Methods

Constructs. Human SK1, rat SK2, human SK3, and rat CaM into the pcDNA3
vector as well as human SK4 into pEGFP-C1 vector and PIP4,5-kinase into an
IRES-dsRed plasmid were used for CHO cell transfection. The mutations were
introduced using the PCR-based Quikchange site-directed mutagenesis (Strata-
gene) and were verified by full sequencing of the entire plasmid vector.

Drugs. Poly L-Lysine 50 μg/mL (PLL hydrochloride, molecular weight [MW] =
8,200 Da (Alamanda Polymers Inc.), PI(4,5)P2 diC8 (dioctanoyl, PIP2; Echelon
Biosciences), Tram-34 (Alomone Labs) and carbachol (carbamylcholine chloride;
Sigma-Aldrich) were used in this study.

Cell Culture and Transfection. CHO cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 2 mM glutamine, 10% fetal calf serum, and
antibiotics. In brief, 20,000 cells seeded on PLL-coated glass coverslips (13 mm
in diameter) in a 24-multiwell plate were transfected with 0.5 μg pEGFP-SK4/
0.5 μg mutant SK4, 1.2 μg dsRed-PIP4,5K, or with 1 μg SK1/SK2/SK3 together
with pIRES-CD8 (0.3 μg) as a marker for transfection. Transfection was performed
using TransIT-LT1 Transfection Reagent (Mirus Bio) according to the manufac-
turer’s protocol. For electrophysiology, transfected cells were visualized ∼40 h
after transfection with a Zeiss Axiovert 35 inverted florescence microscope.

The experimental procedures for recombinant expression and purification of
CaM, electrophysiology, immunostaining, medicinal chemistry, computational
methods, and ex vivo experiments are detailed in the SI Appendix.

Data, Materials, and Software Availability. All data are included in the
manuscript and/or SI Appendix.

All study data are included in the article and/or supporting information.
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