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Cryo-EM structures of the small-conductance
Ca2+-activated KCa2.2 channel

Young-WooNam 1, Dohyun Im 2, Ana Santa CruzGarcia3, Marios L. Tringides4,
Hai Minh Nguyen5, Yan Liu 6, Razan Orfali 1, Alena Ramanishka 1,
Grigore Pintilie7, Chih-Chia Su 4, Meng Cui 3, Diomedes E. Logothetis 3,
Edward W. Yu 4, Heike Wulff 5, K. George Chandy8 & Miao Zhang 1

Small-conductance Ca2+-activated K+ (KCa2.1-KCa2.3) channels modulate neu-
ronal and cardiac excitability. We report cryo-electron microscopy structures
of the KCa2.2 channel in complex with calmodulin and Ca2+, alone or bound to
two small molecule inhibitors, at 3.18, 3.50, 2.99 and 2.97 angstrom resolution,
respectively. Extracellular S3-S4 loops in β-hairpin configuration form an outer
canopy over the pore with an aromatic box at the canopy’s center. Each S3-S4
β-hairpin is tethered to the selectivity filter in the neighboring subunit by inter-
subunit hydrogen bonds. This hydrogen bond network flips the aromatic
residue (Tyr362) in the filter’s GYG signature by 180°, causing the outer
selectivity filter to widen and water to enter the filter. Disruption of the tether
by a mutation narrows the outer selectivity filter, realigns Tyr362 to the
position seen in other K+ channels, and significantly increases unitary con-
ductance. UCL1684, a mimetic of the bee venom peptide apamin, sits atop the
canopy and occludes the opening in the aromatic box. AP14145, an analogue of
a therapeutic for atrial fibrillation, binds in the central cavity below the
selectivityfilter and induces closure of the inner gate. These structures provide
a basis for understanding the small unitary conductance and pharmacology of
KCa2.x channels.

Small-conductance Ca2+-activated K+ (KCa2.x, also called SK) channels
are critical modulators of neuronal and cardiac excitability. The three
members of this subfamily, KCa2.1-KCa2.3, are characterized by a small
unitary conductance (~9.5 pS in symmetrical K+1,2), Ca2+-calmodulin
(CaM)-dependent gating3, and a unique pharmacology4 that distin-
guishes them from other ion channels. They are potently and selec-
tively inhibited by venom peptides (apamin from bee venom;
scyllatoxin and tamapin from scorpion venoms) and by smallmolecule

agents (UCL1684, AP14145, and NS8593). In the nervous system, KCa2.x
channels underlie the medium afterhyperpolarization, a spike-
frequency adaptation required for normal neurotransmission5. Loss-
of-function mutations of KCa2.2 channels cause tremors in rats6 and
neurodevelopmental disorders including cerebellar ataxia in
humans7,8, while gain-of-function mutations of KCa2.3 channels cause
Zimmermann-Laband syndrome in humans9,10. In the heart, KCa2.x
channels modulate the duration of the action potential11 and genome-

Received: 22 July 2024

Accepted: 9 April 2025

Check for updates

1Department of Biomedical and Pharmaceutical Sciences, Chapman University School of Pharmacy, Irvine, CA, USA. 2Department of Cell Biology, Graduate
School of Medicine, Kyoto University, Kyoto, Japan. 3Department of Pharmaceutical Sciences, Northeastern University School of Pharmacy and Pharma-
ceutical Sciences, Boston, MA, USA. 4Department of Pharmacology, CaseWestern Reserve University School of Medicine, Cleveland, OH, USA. 5Department
of Pharmacology, School of Medicine, University of California Davis, Davis, CA, USA. 6Division of CryoEM and Bioimaging, Stanford Synchrotron Radiation
Lightsource, SLAC National Accelerator Laboratory, Stanford University, Menlo Park, CA, USA. 7Department of Bioengineering and Department of Micro-
biology and Immunology, Stanford University, Stanford, CA, USA. 8LKCMedicine-ICE Collaborative Platform, Lee Kong Chian School of Medicine, Nanyang
Technological University, Singapore, Singapore. e-mail: zhang@chapman.edu

Nature Communications |         (2025) 16:3690 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-2960-9752
http://orcid.org/0000-0003-2960-9752
http://orcid.org/0000-0003-2960-9752
http://orcid.org/0000-0003-2960-9752
http://orcid.org/0000-0003-2960-9752
http://orcid.org/0000-0002-6939-7718
http://orcid.org/0000-0002-6939-7718
http://orcid.org/0000-0002-6939-7718
http://orcid.org/0000-0002-6939-7718
http://orcid.org/0000-0002-6939-7718
http://orcid.org/0000-0001-5683-8695
http://orcid.org/0000-0001-5683-8695
http://orcid.org/0000-0001-5683-8695
http://orcid.org/0000-0001-5683-8695
http://orcid.org/0000-0001-5683-8695
http://orcid.org/0000-0002-0584-4013
http://orcid.org/0000-0002-0584-4013
http://orcid.org/0000-0002-0584-4013
http://orcid.org/0000-0002-0584-4013
http://orcid.org/0000-0002-0584-4013
http://orcid.org/0009-0004-5827-8627
http://orcid.org/0009-0004-5827-8627
http://orcid.org/0009-0004-5827-8627
http://orcid.org/0009-0004-5827-8627
http://orcid.org/0009-0004-5827-8627
http://orcid.org/0000-0003-3646-327X
http://orcid.org/0000-0003-3646-327X
http://orcid.org/0000-0003-3646-327X
http://orcid.org/0000-0003-3646-327X
http://orcid.org/0000-0003-3646-327X
http://orcid.org/0000-0002-3895-135X
http://orcid.org/0000-0002-3895-135X
http://orcid.org/0000-0002-3895-135X
http://orcid.org/0000-0002-3895-135X
http://orcid.org/0000-0002-3895-135X
http://orcid.org/0000-0002-0576-884X
http://orcid.org/0000-0002-0576-884X
http://orcid.org/0000-0002-0576-884X
http://orcid.org/0000-0002-0576-884X
http://orcid.org/0000-0002-0576-884X
http://orcid.org/0000-0001-5912-1227
http://orcid.org/0000-0001-5912-1227
http://orcid.org/0000-0001-5912-1227
http://orcid.org/0000-0001-5912-1227
http://orcid.org/0000-0001-5912-1227
http://orcid.org/0000-0003-4437-5763
http://orcid.org/0000-0003-4437-5763
http://orcid.org/0000-0003-4437-5763
http://orcid.org/0000-0003-4437-5763
http://orcid.org/0000-0003-4437-5763
http://orcid.org/0000-0002-3099-155X
http://orcid.org/0000-0002-3099-155X
http://orcid.org/0000-0002-3099-155X
http://orcid.org/0000-0002-3099-155X
http://orcid.org/0000-0002-3099-155X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59061-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59061-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59061-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59061-1&domain=pdf
mailto:zhang@chapman.edu
www.nature.com/naturecommunications


wide association12,13, functional14, and clinical15 studies have firmly
linked the channels to atrial fibrillation, the most prevalent cardiac
arrhythmia. AP30663, an analog of AP14145 and a small molecule
inhibitor of KCa2.x channels, was recently shown in a phase II clinical
trial to cardiovert chronic atrial fibrillation to sinus rhythm (15).
Despite their immense physiological and medical importance, high-
resolution structural information does not exist for this class of K+

channels.
We used single-particle cryo-electron microscopy (cryo-EM) to

determine structures of full-length KCa2.2_WT and KCa2.2_F244S
mutant channels complexed to CaM in the Ca2+-activated state. The
cryo-EM structures of the KCa2.2_WT complex bound to UCL1684
(apamin mimetic) and AP14145 (analog of the therapeutic AP30663)
were also determined. Site-directed mutagenesis, molecular dynamics
simulation (MDS), and electrophysiological studieswereused to assess
K+ permeation through the pore, measure unitary conductance, and
verify binding configurations of pharmacological agents. Our studies
provide a framework for understanding the small unitary conductance
and the unique pharmacological properties of KCa2.x channels.

Results
Architecture of the Ca2+-bound apo_KCa2.2/CaM complex
We purified full-length rat KCa2.2 in complex with rat CaM in the pre-
sence of 2mMCa2+ (Supplementary Fig. 1). Rat KCa2.2 is ~98% identical
to human KCa2.2, and rat CaM is 100% identical to human CaM.
Through cryo-EM single particle reconstruction, we obtained a 3D

cryo-EM map of the Ca2+-bound apo_KCa2.2/CaM complex with a
resolution of 3.18 Å (Supplementary Fig. 2, Supplementary Table 1). A
total of 361 KCa2.2 residues (Ile118 to Asn478; remaining residues not
visible) and 146 CaM residues (Asp2 to Ala147) were fitted into the
density map to obtain a model of the Ca2+-bound apo_KCa2.2/CaM
complex (referred to henceforth as apo_KCa2.2) (Fig. 1a). This complex,
containing four KCa2.2 subunits and four CaM molecules in fourfold
symmetry, is 90 Å long and 142 Å wide when viewed from the plane of
the membrane (Fig. 1a). Side-chain densities are clearly resolved in the
transmembrane S1-S6 helices, the extracellular S3-S4 loop, the inner
S45A and S45B helices, the CaM-binding HA and HB C-terminal helices,
and CaM (Supplementary Fig. 3a, b). KCa2.2 residues are visibly more
resolved and have higher Q-scores16 than CaM residues, suggesting
that the KCa2.2 structure is more stable than CaM (Supplementary
Fig. 3c, d).

Since the small-conductance KCa2.2 and the intermediate-
conductance Ca2+-activated KCa3.1 channel share a Ca2+-CaM depen-
dentmechanismof activation4 and ~40% amino acid sequence identity
(Supplementary Fig. 4), we superimposed our apo_KCa2.2 structure
onto the structure of the Ca2+-bound apo_KCa3.1/CaM activation state
I17 (Protein Data Bank [PDB]: 6cnn) (referred to henceforth as
apo_KCa3.1_1). In both Ca2+-bound structures, CaM interacts with heli-
ces in the S4-S5 loop (S45A) and the C-terminus (HA and HB) (Fig. 1b),
suggesting that KCa2.2 and KCa3.1 share a similar Ca2+/CaM gating
mechanism, confirming earlier electrophysiological and mutagenesis
studies4.
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Fig. 1 | Cryo-EM structure of apo_KCa2.2 in the Ca2+-bound state. a Cryo-EM
density mapwith fittedmodel of apo_KCa2.2 viewed from inside the cell (left), from
the plane of the membrane (center), and from the extracellular side (right). Four
KCa2.2 subunits are shown in blue, yellow, green and salmon, and CaM is shown in
gray. Transmembrane helices S5 and S6 form the ion channel pore, which is sur-
rounded by membrane-embedded helices S1 to S4. b Intracellular view of
apo_KCa2.2 (blue/green) superimposed on apo_KCa3.1_1 (yellow/pink, PDB 6cnn)
shows channel-CaM interactions that are similar in the two channels. In the cyto-
plasmic domain, the proximal C-termini of the two channels form HA (Lys402-
Thr438 in KCa2.2; Lys293-Thr329 in KCa3.1) and HB (His446-Asn478 in KCa2.2;

Ser334-Asn366 inKCa3.1) helices that lie almost parallel to themembraneplane. The
HC helices, visible in apo_KCa3.1_1, are invisible in apo_KCa2.2 probably because of
flexibility. c Side viewof one subunit of apo_KCa2.2 (blue/green) superimposedon a
subunit of apo_KCa3.1_1 (yellow/pink). The S3-S4 loop forms a β-hairpin in
apo_KCa2.2 (highlighted in magenta), while the S3-S4 loop of apo_KCa3.1_1 is not
resolved in PDB 6cnn. d Extracellular view of apo_KCa2.2 (blue) superimposed on
apo_KCa3.1_1 (yellow). The four S3-S4 β-hairpins (magenta) form a canopy over the
outside of the pore. Phe244 residues (shown as sticks) at the tips of four S3-S4 β-
hairpins form an aromatic box with a central opening at the outer end of the pore.
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Unique outer pore of the Ca2+-bound apo_KCa2.2/CaM complex
One unique feature of apo_KCa2.2 is the conformation of its unusually
long extracellular loop between transmembrane helices S3 and S4
(S3–S4 loop, Supplementary Fig. 4). The S3-S4 loop in apo_KCa2.2
forms a β-hairpin configuration consisting of two antiparallel β-sheet
strands with one turn between them (Fig. 1c, Supplementary Fig. 3).
The four S3-S4 β-hairpins stretch over the selectivity filter forming an
outer canopy (Fig. 1d). At the tips of these four β-hairpins, the side
chains of Phe244 form an aromatic box with a central opening18 posi-
tioned directly above the selectivity filter (Fig. 1d).

Figure 2a shows the cryo-EM density map and the fitted model
of the selectivity filter and the S3-S4 β-hairpins of the
apo_KCa2.2 structure seen from the plane of the membrane. Both
regions are well resolved. In apo_KCa2.2, each S3-S4 β-hairpin is
tethered to the selectivity filter in the neighboring subunit by a
network of inter-subunit hydrogen bonds (Fig. 2b), which is differ-
ent from the intra-subunit network that stabilizes apo_KCa3.1_1’s
pore (Fig. 2c). In apo_KCa2.2, Arg241, Phe244 and Tyr246 in the S3-S4

β-hairpin are tied by inter-subunit hydrogen bonds and a salt bridge
to Asp364 in the selectivity filter (Fig. 2b). Interaction between the
S3-S4 β-hairpins and the selectivity filter causes the critical tyrosine
(Tyr362) in the G[Y/F]GD signature sequence to flip 180o relative to
the position of corresponding aromatic residues in the filters of
other Ca2+-activated and voltage-activated K+ channels (Fig. 2d). The
180o

flip of Tyr362 relative to the aromatic residues in other K+

channels is also shown in the side view of the selectivity filters
(Supplementary Fig. 5). The reorientation of Tyr362 causes the
outer selectivity filter of KCa2.2 to bewider (Fig. 3a, b) than the outer
selectivity filters of other K+ channels (Supplementary Fig. 5). In this
widened outer selectivity filter, K+ is missing from S1 (Fig. 3a) and
the entry of water partially hydrates K+ at S2 (Fig. 3b). The inner
selectivity filter of apo_KCa2.2 is the same as apo_KCa3.1_1, and in
both structures K+ is found at S3 and S4 (Fig. 3a). An additional K+,
S0, is found at the opening of the aromatic box of apo_KCa2.2
(Fig. 3a). Analysis using the Hole program19 shows that apo_KCa2.2’s
outer filter is wider than other Ca2+-activated and voltage-activated
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Fig. 2 | Tethering of the S3-S4 β-hairpins to the selectivity filter and 180o
flip of

the critical tyrosine in the signature sequence in apo_KCa2.2. a Cryo-EM density
map with fitted model of two subunits of apo_KCa2.2 viewed from the plane of the
membrane. K+ is seen at positions S0 (at the aromatic box), S2, S3, and S4within the
filter; S1 is missing. Residues in the filter (blue) are highlighted. Extracellular S3-S4
β-hairpins (magenta) from two neighboring subunits are positioned on either side
ofK+ at S0 in (a,b). Note, the outerfilter iswidenedat the level of Y362-G363.b Each
S3–S4 loop is tethered to thefilter in the neighboring subunit. Asp364 in thefilter of
subunit A (blue) forms inter-subunit hydrogen bonds and salt bridge with Arg241,
Phe244, and Tyr246 in the S3-S4 loop of neighboring subunit B (green). In addition,
an inter-subunit interaction between Trp351 (blue) and Tyr362 (green) in the filter
stabilizes the pore. c In apo_KCa3.1_1, Asp255, Val256 and Trp242 (yellow) in the

selectivity filter, corresponding to Asp364, Met365 and Trp351 in apo_KCa2.2, form
intra-subunit hydrogen bonds. In addition, Tyr253 in apo_KCa3.1_1 (yellow), corre-
sponding to Tyr362 in apo_KCa2.2, forms an inter-subunit hydrogen bond with
Thr247 (green). d Extracellular view of the critical tyrosine (Tyr362) in the G[Y/F]G
motif of the selectivity filter in apo_KCa2.2 (blue) overlaid on the corresponding
aromatic residues in the selectivity filters of the open-conducting conformations of
apo_KCa3.1_1 (Tyr253, yellow; PDB 6cnn), apo_KCa3.1_2 (Tyr253, green; PDB 6cno),
KVChim (Tyr373, brown, PDB 2r9r), KCa1.1 (Phe279, purple, PDB 5tj6), and
AlphaFold_KCa2.2 (Tyr362, gray, https://alphafold.ebi.ac.uk/entry/E9PSQ3). Note,
Tyr362 in apo_KCa2.2 is flipped 180° compared to the critical aromatic residues in
the other channels.
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K+ channels, while its outer vestibule is narrower due to the aro-
matic box (Fig. 3c, d).

We replaced Phe244, one of the three residues tethering the S3-S4
β-hairpins to the selectivity filter, with the corresponding serine resi-
due (KCa2.2_F244S, Supplementary Fig. 4) in the intermediate-
conductance (39 pS unitary conductance in symmetrical K+ 20,21)
KCa3.1 channel that lacks such tethers. We then determined the cryo-
EM structure of the Ca2+-bound KCa2.2_F244S/CaM mutant complex
(referred to henceforth as apo_KCa2.2_F244S) to a resolution of 3.50 Å
with C4 symmetry (Supplementary Figs. 6 and 7, Supplementary
Table 1). The cryo-EM density corresponding to the S3-S4 β-hairpins is
absent from the apo_KCa2.2_F244S map (Fig. 4a). Unlike the S3-S4 β-
hairpins tethered to the selectivity filter in apo_KCa2.2, the S3-S4 loops
in apo_KCa2.2_F244S are invisible (Fig. 4b).While the selectivity filter of
apo_KCa2.2 is stabilized by inter-subunit hydrogen bonds (Fig. 2b), the
selectivity filter of apo_KCa2.2_F244S is stabilized by an intra-subunit
network (Fig. 4c) similar to that of apo_KCa3.1_1’s pore (Fig. 2c). This

rearrangement causes Tyr362 in the selectivity filter of
apo_KCa2.2_F244S toflip 180° relative to the same residue in apo_KCa2.2
and align with Tyr253, the corresponding aromatic residue of
apo_KCa3.1_1 (Fig. 4d). The apo_KCa2.2_F244S cryo-EMdata suggest that
the unique conformation of the selectivity filter in apo_KCa2.2 is caused
by the tethering of the S3–S4 loops to the selectivity filter.

We examined whether the small unitary conductance of KCa2.2
was related to the interaction between the S3-S4 loop and the selec-
tivityfilter (Fig. 2b). In electrophysiological studies onHEK293 cells, we
compared the unitary conductance of KCa2.2_WT versus KCa2.2_F244S.
The unitary conductance of the KCa2.2_F244S mutant (22.1 ± 2.1 pS,
n = 14) was significantly larger than that of KCa2.2_WT (9.9 ± 0.9 pS,
n = 14) (Fig. 4e–g), suggesting that the widened outer pore caused by
tethering of S3-S4 loop to the selectivity filter contributes to the small
unitary conductance of KCa2.2.

We performed all-atom MDS to assess K+ permeation through
the pores of apo_KCa2.2 and apo_KCa2.2_F244S (Supplementary
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apo_KCa2.2 are shown together with the locations of K+. Only two opposite subunits
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and orange) are shown above the outer end of the selectivity filter. c Pore of
apo_KCa2.2 generated by the “Hole” program is shown as a dotted surface. Two
opposite subunits are shown. Pore radius: red, <1.15 Å; green, 1.15 to 2.30Å; blue,
>2.30Å. d Pore radii plotted against distance from the extracellular surface for
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KCa1.1 (purple, PDB 5tj6), and KVChim (brown, PDB 2r9r). Apo_KCa2.2’s outer
selectivity filter is wider than the other channels, while its outer vestibule is nar-
rower due to the aromatic (Phe244) box.
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Fig. 8). Wemeasured K+ permeation events through both structures
embedded in lipid bilayers in the presence of symmetric 300mM
KCl aqueous solution and a transmembrane voltage potential
of 300mV during 1-μs-long simulation runs (Supplementary
movie 1 and 2, and Supplementary Fig. 8h, i). Restraints were

applied to keep the inner gate open during these runs to determine
the contribution of KCa2.2’s outer pore to unitary conductance.
Under the same conditions, outward K+ permeation events aremore
readily observed through apo_KCa2.2_F244S than through
apo_KCa2.2, even though the large variability among replicates
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apo_KCa2.2_F244S mutant structure, the selectivity filter is stabilized by intra-
subunit hydrogen bonds. d The tyrosine (Y362, salmon) in the G[Y/F]Gmotif of the

selectivity filter in apo_KCa2.2_F244S is flipped 180° relative to apo_KCa2.2 (Y362,
blue), and realigns with KCa3.1_1 (Y253, yellow; PDB 6cnn). e Representative traces
of single channel recordings of KCa2.2_WT and KCa2.2_F244S at −100 mV.
fRepresentative amplitude histograms of KCa2.2_WT and KCa2.2_F244S. g Summary
statistics of single channel conductance values. Data are presented asmean ± SDof
single channel conductance values recorded from cells transfected with KCa2.2_WT
(n = 14 cells) versus KCa2.2_F244S (n = 14 cells). ****P <0.0001 compared with
KCa2.2_WT (unpaired two-tailed t-test).
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prevented us from performing statistical analysis (Supplementary
Fig. 8j). Large variability exists among replicate simulations prob-
ably due to the differences of initial configurations and the inherent
stochastic nature of the simulations. Additionally, the complexity of
these systems (apo_KCa2.2 and apo_KCa2.2_F244S), with many
degrees of freedom, likely contributed to the variability observed in
the MDS replicates. Nonetheless, the MDS results are qualitatively
consistent with the experimentally measured unitary conductance
values (Fig. 4g).

AlphaFold, the artificial intelligence-driven protein structure-
prediction tool22, failed to predict the widened outer pore of
apo_KCa2.2 resulting from the tethering of the S3-S4 loop to the
selectivity filter. We compared the structural model of KCa2.2 pre-
dicted by AlphaFold (alphafold_KCa2.2) with our cryo-EM structure
(apo_KCa2.2). AlphaFold correctly predicted the β-hairpin configura-
tion of the S3-S4 loops and modeled them extending towards the
pore (Supplementary Fig. 9a). However, AlphaFold_KCa2.2 lacks the
tether between the S3-S4 β-hairpins and the selectivity filter, its outer
selectivity filter is stabilized by an intra-subunit hydrogen bond
network resembling that of apo_KCa3.1_1 (Fig. 2c, Supplementary
Fig. 9b), and the conformation of its outer pore resembles that of
other Ca2+-activated and voltage-activated K+ channels (Supplemen-
tary Fig. 9c). Furthermore, the central aromatic (Phe244) box, a key
feature of apo_KCa2.2, is absent in AlphaFold_KCa2.2, with the four
Phe244 residues positioned too far from each other to form the
central aromatic box via cation-π interactions (Supplementary
Fig. 9a)18. Our comparison of apo_KCa2.2 and AlphaFold_KCa2.2
highlights the usefulness of experimentally determined cryo-EM
structures to understand the small unitary conductance of KCa2.2
channels.

Structure of KCa2.2/CaM bound to blocker UCL1684
To define the structural basis for the pharmacological inhibition of
KCa2.x channels, we set out to determine structures of KCa2.2/CaM
bound to inhibitors. Apamin, an 18-mer peptide frombee venom, is the
archetypal inhibitor of KCa2.x channels23. Since addition of apamin
caused aggregation of the KCa2.2/CaM protein complex, we studied
UCL1684, a small molecule apamin-mimetic. UCL1684 blocks KCa2.2 at
picomolar concentrations and is predicted to interact with the extra-
cellular side of the channel overlapping the apamin binding site24–26.

The cryo-EM map of the Ca2+- and UCL1684-bound KCa2.2/CaM
complex (henceforth referred to as UCL1684_KCa2.2) was determined
to a resolution of 2.99 Å with C4 symmetry (Supplementary
Figs. 10 and 11, Supplementary Table 1). The cryo-EM density for
UCL1684 is also clearly visible in the refined maps under C1 symmetry
(Supplementary Fig. 12). The cryo-EM density map of UCL1684_KCa2.2
with fitted model shows UCL1684 on top of the canopy, close to the
opening in the aromatic box (Fig. 5a, b). We successfully built a model
for UCL1684 into its cryo-EM density due to the compound’s qua-
ternary chemical structure (Supplementary Fig. 13a). The rigid cyclo-
phane cage made up of two phenyl rings and two quinoline rings fits
perfectly into the hydrophobic pocket formed by the aromatic
(Phe244) box (Fig. 5a, b, Supplementary Fig. 13b). UCL1684 (500 nM)
inhibited the KCa2.2_WT current effectively (Supplementary
Fig. 13c, d). We used electrophysiology and mutagenesis to test
UCL1684-KCa2.2 interactions predicted by the structure. Since
UCL1684 does not inhibit KCa3.1, we replaced Phe244 in KCa2.2with the
corresponding residue from KCa3.1. The KCa2.2_F244S mutation abol-
ished the blockade by UCL1684 without affecting the inhibition by the
small molecule inhibitor, AP14145 (Fig. 5c–e). The mutation did not
affect Ca2+-dependent channel activation (Supplementary Fig. 14).
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Fig. 5 | Interactions of small molecule blocker UCL1684 with KCa2.2. a Cryo-EM
density map refined under C4 symmetry with fitted model of UCL1684_KCa2.2
viewed from the plane of the membrane (left), and from the extracellular side
(right). Four KCa2.2 subunits are shown in blue, yellow, green and salmon; CaM is
shown ingray; andUCL1684 is shown inmagenta.Thedensities forboth theprotein
and UCL1684 are contoured at σ = 6. b One UCL1684 molecule fitted into its cryo-
EM density (magenta) is positioned near the aromatic (Phe244) box at the outer
end of the pore. c Representative whole-cell current traces of the KCa2.2_F244S

mutant elicited by ramps from −120 mV to 40mV. d The KCa2.2_F244S mutation
abolishes blockade by UCL1684 (500 nM) but retains inhibition by AP14145 (30
μM). e Summary statistics show the KCa2.2_F244S mutant’s responses to UCL1684
and AP14145. Data are shown asmean ± SDof current density values recorded from
cells transfected with KCa2.2_F244S (n = 8 cells) in response to the indicated treat-
ments. ****P <0.0001 compared with control (One-way ANOVA and Tukey’s post
hoc tests without adjustments).
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These results indicate that UCL1684 binds to the outer canopy and
occludes the opening in the outer box.

Guided by the UCL1684_KCa2.2 structure, we generated a docking
model of apamin for heuristic purposes (Supplementary Fig. 15). The
model shows apamin making contact with residues in the S3-S4 β-
hairpins (Phe244, Ser245,Tyr246, Ala247). The essential RXCQmotif of
apamin sits close to Asn368 (Supplementary Fig. 15). In support of the
model, mutations of Ser245, Tyr246 and Ala247 have been reported to
significantly alter the channel’s sensitivity to apamin23,27. Further, the
RXCQ motif of Lei-Dab7, a derivative of a scorpion toxin and a potent
inhibitor of KCa2.2, was reported to form a close contact with the
residue in human KCa2.2 corresponding to Asn36828. These earlier
studies provide support for the apamin docking model and suggest
that peptide inhibitors fromboth bee venomand scorpion venommay
make similar contacts with the outer canopy and aromatic box
of KCa2.2.

Structure of KCa2.2/CaM bound to inhibitor AP14145
AP14145, a negative gatingmodulator of KCa2.2, inhibits the channel at
lowmicromolar concentrations29. AP14145 effectively terminated atrial
fibrillation in goats30 and even terminated vernakalant-resistant atrial
fibrillation in pigs31. Its analog, AP3066315, effectively converted
chronic atrial fibrillation to sinus rhythm in a phase II clinical trial.
AP30663was not commercially availablewhenweperformed the cryo-
EM study. We determined the structure of KCa2.2/CaM bound to
AP14145 in the presence of 2mM Ca2+. The cryo-EM map of the Ca2+-
and AP14145-bound KCa2.2/CaM complex (henceforth referred to as
AP14145_KCa2.2) was determined to a resolution of 2.97 Å under
C4 symmetry (Supplementary Figs. 16, 17 and Supplementary Table 1).
The cryo-EM density of AP14145 is clearly visible below the selectivity
filter in the central cavity near the side chains of both Ser359 and

Ala384 (Fig. 6a, b). The cryo-EMdensity for AP14145 is also apparent in
the refined maps under C1 symmetry (Supplementary Fig. 18). We
could not delineate the precise orientation of AP14145 and the posi-
tioning of its sidechains within its KCa2.2 binding site because of
symmetry mismatch arising from the nonsymmetrical AP14145 mole-
cule (Supplementary Fig. 13a) binding to the fourfold symmetrical
KCa2.2 channel. We used electrophysiology and mutagenesis to test
AP14145’s predicted interactions with Ser359 and Ala384 in KCa2.2.
Since AP14145 does not inhibit KCa3.1, we replaced Ser359 and Ala384
in KCa2.2 with the corresponding residues from KCa3.1. Corresponding
double mutations in KCa2.3 channels have been used to explore the
binding sites of negative gating modulators (NS859332 and AP1414529).
AP14145 (30 μM) inhibited the KCa2.2_WT current effectively (Supple-
mentary Fig. 13e, f), while the S359T +A384T doublemutant abolished
inhibition by AP14145 without affecting blockade by UCL1684
(Fig. 6c–e) or altering Ca2+-dependent channel activation (Supple-
mentary Fig. 14). In summary, our cryo-EM, mutagenesis, and elec-
trophysiology data together show binding of AP14145 near Ser359 and
Ala384 in KCa2.2’s central cavity.

A clue to how AP14145 inhibits the KCa2.2 channel came from
superimposition of AP14145_KCa2.2 onto the apo_KCa2.2 and
UCL1684_KCa2.2 structures (Fig. 7a, b). The inner gate defined by
Val391 is ~12.4 Å in apo_KCa2.2, while the inner gate in AP14145_KCa2.2 is
~6.5 Å (Fig. 7a, b). In the SupplementaryMovies 3 and4, AP14145 is seen
tonarrow the inner gate through themovement of the transmembrane
S6 helices and the rotation of Val391 side chains. The N-lobe of CaM
moves closer toward the pore axis together with S45A helix, as a result
of the binding of AP14145 (Supplementary Fig. 19, Supplementary
Movies 3 and 4). The narrowing of the inner gate by AP14145 was also
shown by comparing pore radii determined with the ‘Hole program’19

(Fig. 7c, d).
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density map refined under C4 symmetry with fitted model of AP14145_KCa2.2
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mutations abolish inhibition by AP14145 (30 μM) but retains blockade by UCL1684
(500 nM). e Summary statistics show the KCa2.2_S359T_A384V mutant’s responses
to AP14145 and UCL1684. Data are shown as mean ± SD of current density values
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ANOVA and Tukey’s post hoc tests without adjustments).
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Discussion
Unlike any K+ channel structure determined thus far, apo_KCa2.2’s pore
is covered on the outside by a canopy formed by the extracellular S3-
S4 loops in a β-hairpin configuration. A network of inter-subunit
hydrogen bonds ties the β-hairpins to the selectivity filter. This net-
work flips the aromatic residue (Tyr362) in the G[Y/F]GD signature
sequence by 180o, causing the outer selectivity filter to widen and
water to enter the widened filter, displacing K+ at S1 and partially
hydrating K+ at S2. Disruption of the tether in the apo_KCa2.2_F244S
structure narrows the outer selectivity filter and reverts Tyr362 to the
position seen in other K+ channels. The unitary conductance of
KCa2.2_WT (9.9 ± 0.9 pS) was significantly smaller than that of
KCa2.2_F244S (22.1 ± 2.1 pS), suggesting that the widened outer selec-
tivity filter of apo_KCa2.2 contributes to the small unitary conductance
of KCa2.2 channels. The structural features reported here are not pre-
dicted by the artificial intelligence-driven protein structure-prediction
tool, AlphaFold22, highlighting theneed for experimentally determined
structures to understand the unique features of the KCa2.2 channel,
particularly its small unitary conductance and pharmacology.

We determined the cryo-EM structures of KCa2.2 channels bound
to two distinct inhibitors (UCL1684 and AP14145). UCL1684, an apamin
mimetic, binds to the outer canopy and occludes the opening in the
aromatic box. A mutation that removes the aromatic box, F244S,

abolishesUCL1684blockade (Fig. 5). Adockingmodel of apaminbased
on the UCL1684_KCa2.2 structure shows the peptide sitting atop the
canopy, occluding the aromatic box like UCL1684, and making several
additional contacts both in the canopy and the outer pore (Supple-
mentary Fig. 15). The docking configuration is consistent with and
supported by earlier mutagenesis studies. Scorpion venom peptides
(scyllatoxin, tamapin) that block KCa2.x channels may also bind to the
canopy and close the opening in the aromatic box28. AP14145, a
negative gating modulator, binds in the central cavity below the
selectivity filter and induces closure of the inner gate (Fig. 7).
AP3066315, its analog in clinical trials for the treatment of atrial fibril-
lation, likely binds to the same residues in the central cavity and
induces a similar closure of the inner gate. Itmay be possible to use the
AP14145_KCa2.2 structure to guide the design of new inhibitors of
KCa2.2 that act by the same mechanism.

There is no cryo-EM structure for the other two members of the
KCa2 subfamily, KCa2.1 and KCa2.3. Since the three KCa2.x channels
exhibit greater than 70% sequence identity and share the Tyr246
residue that ties the S3-S4 β-hairpins to the selectivity filter in
apo_KCa2.2 (Supplementary Fig. 4), the outer canopy and unique
conformation of KCa2.2’s outer pore may also be a feature of human
KCa2.1 and KCa2.3. RatKCa2.1 may be an outlier. The presence of Leu213
in place of Tyr246 in rat KCa2.1 (Supplementary Fig. 4) may disrupt the
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critical tether between the S3-S4 β-hairpins and the selectivity filter,
resulting in an altered pore conformation. In support, earlier func-
tional andmutagenesis studies predicted that ratKCa2.1 exhibits a very
different outer pore shape and sensitivity to inhibitors than other
KCa2.x channels23.

The cryo-EM structures for the intermediate-conductance KCa3.1
channel17 and the large-conductance KCa1.1

33–35 have been previously
reported. KCa2.x and KCa3.1 channels are activated via a Ca2+-CaM
mediated mechanism, which is distinct from the gating mechanism of
KCa1.1 channels

33–35. While apo_KCa2.2 and apo_KCa3.1_1 (PDB 6cnn) are
similar in the cytoplasmic domain accounting for their shared
mechanism of Ca2+/CaM-dependent gating and sensitivity to pharma-
cological activators (e.g. 1-EBIO36 and SKA-3137), they exhibit sig-
nificantly different architectures in the outer pores. This difference
may explain why charybdotoxin, a scorpion peptide that blocks both
the KCa3.1 channel38,39 and the large-conductance Ca2+-activated
KCa1.1

40 channel by inserting a lysine residue into the selectivity filter,
has no effect on KCa2.x channels. The canopy in KCa2.2 would prevent
charybdotoxin from reaching its binding site in the outer vestibule.
Differences in the outer pore may also contribute to the difference in
unitary conductance between KCa2.x channels and KCa3.1 channels.

In conclusion, our structures provide a foundation for under-
standing the small unitary conductance of KCa2.x channels and define
the mechanism of action of two distinct pharmacological inhibitors.

Methods
Protein expression
The cDNA of full-length rat KCa2.2 (accession no. NM_019314) with a
C-terminus Strep-II tag was sub-cloned into pEG BacMam (a gift from
Eric Gouaux; Addgene plasmid # 160451; http://n2t.net/addgene:
160451; RRID:Addgene_160451). The amino acid sequence of the
expressed KCa2.2 protein is as follows:

MSSCRYNGGVMRPLSNLSSSRRNLHEMDSEAQPLQPPASVVGGG
GGASSPSAAAAASSSAPEIVVSKPEHNNSNNLALYGTGGGGSTGGGGGG
GGGGGGSGHGSSSGTKSSKKKNQNIGYKLGHRRALFEKRKRLSDYALIFG
MFGIVVMVIETELSWGAYDKASLYSLALKCLISLSTIILLGLIIVYHAREIQLF
MVDNGADDWRIAMTYERIFFICLEILVCAIHPIPGNYTFTWTARLAFSYAP
STTTADVDIILSIPMFLRLYLIARVMLLHSKLFTDASSRSIGALNKINFNTRF
VMKTLMTICPGTVLLVFSISLWIIAAWTVRACERYHDQQDVTSNFLGAM
WLISITFLSIGYGDMVPNTYCGKGVCLLTGIMGAGCTALVVAVVARKLE
LTKAEKHVHNFMMDTQLTKRVKNAAANVLRETWLIYKNTKLVKKIDHA
KVRKHQRKFLQAIHQLRSVKMEQRKLNDQANTLVDLAKTQNIMYDMISD
LNERSEDFEKRIVTLETKLETLIGSIHALPGLISQTIRQQQRDFIETQMENY
DKHVTYNAERSRSSSRRRRSSSTAPPTSSESSPSTWSHPQFEK

Un-tagged rat calmodulin (CaM) cDNA (accession no. BC063187)
was also cloned into pEG BacMam. The amino acid sequence of the
expressed CaM protein is as follows:

MADQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQNPTE
AELQDMINEVDADGNGTIDFPEFLTMMARKMKDTDSEEEIREAFRVFDK
DGNGYISAAELRHVMTNLGEKLTDEEVDEMIREADIDGDGQVNYEEFVQM
MTAK

Bacmids for KCa2.2 and CaM were generated separately by trans-
formation of DH10Bac E. coli cells with the pEG BacMam plasmids
carrying rat KCa2.2 and rat CaM cDNAs, respectively. Baculoviruses of
KCa2.2 and CaM were generated by transfection of Sf9 insect cell with
bacmids using CellfectinTM II reagent (Gibco), respectively. Sf9 insect
cells were culture in Sf-900TM II SFM medium (Gibco) at 27 °C. P2
baculoviruses after two rounds of amplification were used for cell
transduction. KCa2.2 and CaM were co-expressed in HEK293S GnTI−
cells (ATCC) using a BacMam method41. Briefly, HEK293S GnTI− cells
were cultured in FreeStyle™ 293 expression media (Gibco) at 37 °C
under 8%CO2 to a density of ~3 × 106 cells/ml, before transductionwith
KCa2.2 baculoviruses (10% v/v) and CaM baculoviruses (2% v/v). At 12 h
after transduction, 10mM sodium butyrate was added, and the tem-
perature was changed to 30 °C. The cells were harvested at 72 h post

transduction by centrifugation for 20min at 6200 × g, 4 °C. Expression
of the protein complex of KCa2.2_F244Smutant and wildtype CaMwas
performed using the same technique. The cell pellets were frozen at
−80 °C until purification.

Protein purification
Protein purificationwas performed at 4 °C. Cell pellets from4 L culture
(~40 g) were thawed in hypotonic lysis buffer containing 50mM Tris
pH 8.0, 20mM KCl, 0.5mM MgCl2, 2mM CaCl2, 0.05mg/ml DNase,
Halt™protease inhibitor cocktail (Thermo Fisher) and 1mMPMSF. Cell
pellets were resuspended using a Dounce homogenizer and then
stirred for 30min at 4 °C. The resulting lysate was clarified by cen-
trifugation at 39,800 × g for 30min at 4 °C. The crude membrane
preparation was resuspended with a Dounce homogenizer in solubi-
lization buffer containing 50mM Tris pH 8.0, 200mM KCl, 2mM
CaCl2, 1.2% glyco-diosgenin (GDN), and Halt™ protease inhibitor
cocktail for 2 h at 4 °C. The solubilized membranes were clarified by
centrifugation at 39,800 × g for 30min at 4 °C. The resulting super-
natant was incubated with Strep-Tactin XT 4Flow resin (IBA Life-
Sciences) for 2 h. The resin was then washed with 20 column volumes
of wash buffer containing 50mM Tris pH 8, 150mM KCl, 2mM CaCl2,
and 0.02% GDN. The protein complex was eluted with wash buffer
supplemented with 50mM biotin. The eluted protein was con-
centrated using an Amicon Ultra centrifugal filter (MWCO 100 kDa
cutoff). The concentrated protein was subjected to size-exclusion
chromatography (Superdex™ 200 Increase, Cytiva) equilibrated with
20mM Tris pH 8, 150mM KCl, 2mM CaCl2, 0.01% lauryl maltose
neopentyl glycol (LMNG), and 0.001% cholesteryl hemisuccinate
(CHS) (Supplementary Fig. 1). The peak fractions at ~10.6ml of elution
volume were collected and concentrated to ~3mg/ml. Purification of
the protein complex of KCa2.2_F244S mutant and wildtype CaM was
performed using the same technique.

Cryo-EM sample preparation, data collection and processing
The purified protein complexes were brought to the Stanford SLAC
Cryo-EM Center (S2C2) for cryo-EM studies. For the determination of
AP14145_KCa2.2 and UCL1684_KCa2.2 structures, saturating concentra-
tions of AP14145 andUCL1484weremixedwith theKCa2.2/CaMprotein
complex 30min before the grid preparation, respectively.

Cryo-EMgrid preparation. VitrobotMark IV (ThermoFisher Scientific)
was used to prepare grids at 4 °C and 100% humidity. 3.5μl of purified
protein was applied to a glow-discharged Quantifoil R1.2/1.3 300mesh
Copper grid. The grid was then blotted for 4.5 s before being plunged
into liquid ethane.

Cryo-EMgrid screening and data collection. Grids were screened on
a Talos Arctica 200 kV transmission electron microscope (TEM). Dose
fractionatedmovies were subsequently collected using EPU on a Titan
Krios G3i (ThermoFisher Scientific) with a K3 detector (Gatan) and a
BioQuantum energy filter at the pixel size of 0.86Å. A total cumulative
dose of ∼50 electrons per Å2 was used for recording the movies of 40
frames (1.25 electrons per Å2 per frame) with a defocus range of –1.3 to
–2.3 μm. The statistics for data collections are summarized in Sup-
plementary Table 1.

Cryo-EM image processing. For the apo_KCa2.2 dataset, preproces-
sing of micrographs (motion correction and CTF estimation) were
carried out using CryoSparc42. About 2000 particles were manually
picked and subjected to 2D classification to generate picking tem-
plates. Template-picked particles were cleaned up by multiple rounds
of 2D classification. An ab initio reconstruction was performed, fol-
lowed by heterogenous and non-uniform refinements to 3.60Å reso-
lution (C1 symmetry imposed), or 3.18 Å resolution (C4 symmetry
imposed) in the CryoSparc42 program (Supplementary Fig. 2).
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To examine possible conformational heterogeneity, 3D classification
using both the RELION program43 and the CryoSparc program was
performed on the refined map generated with the CryoSparc42 pro-
gram. Within the classes generated by 3D classification in the RELION
and the CryoSparc programs, only one class contained secondary
features of the transmembrane helices and the cytoplasmic domain.
Because 3D classification did not improve resolution of the cryo-EM
map, the cryo-EMmap generated by non-uniform refinement at 3.18 Å
resolution described above was used for model building.

The apo_KCa2.2_F244S, AP14145_KCa2.2, and UCL1684_KCa2.2
datasets were similarly processed using the CryoSparc program42. An
ab initio reconstruction of apo_KCa2.2_F244S was performed, followed
by heterogenous and non-uniform refinements to 3.50Å resolution
(C4 symmetry imposed) in the CryoSparc42 program (Supplementary
Fig. 6). An ab initio reconstruction of UCL1684_KCa2.2 was performed,
followed by heterogenous and non-uniform refinements to 3.22 Å
resolution (C1 symmetry imposed), or 2.99 Å resolution (C4 symmetry
imposed) in the CryoSparc42 program (Supplementary Fig. 10). An ab
initio reconstruction of AP14145_KCa2.2 was also performed, followed
by heterogenous and non-uniform refinements to 3.56Å resolution
(C1 symmetry imposed) or 2.97 Å resolution (C4 symmetry imposed)
in the CryoSparc42 program (Supplementary Fig. 16). Resolutions were
estimated using the gold standard criterion at the threshold of 0.143.
The local resolution was calculated in CryoSparc.

Model building
Coordinates of the Ca2+-bound KCa3.1 activated state I (PDB: 6cnn;
apo_KCa3.1_1) were used as the initial model. The initial model was
manually docked into the cryo-EM density map and then adjusted in
UCSF Chimera. Phenix.real_space_refine44 was used to build and refine
the model. Model building was achieved using phenix44 and Coot45

iteratively. Models for Ca2+, K+, and UCL1684 were built by visual
inspectionof the shape of the density in Coot45 followed by refinement
in phenix44. The statistics for model refinements are summarized in
Supplementary Table 1. All structural graphics were generated using
UCSF ChimeraX46.

Patch-clamp electrophysiology
Human Embryonic Kidney (HEK293) cells transiently transfected with
the rat wildtype or mutant KCa2.2 cDNAs were used for manual patch-
clampexperiments. Site-directedmutagenesis of KCa2.2_F244S and the
KCa2.2_ S359T_A384T was performed on the rat KCa2.2 cDNA through
molecular cloning services (Genscript). The wildtype and mutant
cDNAs, constructed in the pIRES2-AcGFP1 vector (Clontech), were
transfected intoHEK293 cells by a calcium–phosphatemethod.Whole-
cell and inside-out KCa2.2 currents were recorded 1–2 days after
transfection, with an Axon200B amplifier (Molecular Devices) at room
temperature.

The resistance of the patch electrodes ranged from 2 to 3MΩ. For
whole-cell recordings, the intracellular solution containing (in mM):
120 KCl, 10 Hepes (pH 7.2), 1.75 MgCl2, and 10 EGTA/KOH was mixed
with CaCl2 to obtain the desired free Ca2+ concentrations, calculated
using the MaxChelator software (https://somapp.ucdmc.ucdavis.edu/
pharmacology/bers/maxchelator/webmaxc/webmaxcS.htm). The
extracellular solution contained (inmM): 145NaCl, 4 KCl, 10Hepes (pH
7.4), 1 MgCl2, and 2 CaCl2.

For inside-out recordings, the intracellular solution containing (in
mM): 140 KCl, 10 Hepes (pH 7.2), 1 EGTA, 0.1 Dibromo-BAPTA, and 1
HEDTA was mixed with Ca2+ to obtain the desired free Ca2+ concentra-
tions, calculated using the MaxChelator software. The extracellular
solution contained (in mM): 140 KCl, 10 Hepes (pH 7.4), 1 MgSO4.

AP14145 (N-[2-[[(1R)-1-[3-(Trifluoromethyl)phenyl]ethyl]amino]-
1H-benzimidazol-7-yl]acetamide hydrochloride) was purchased from
Tocris Bioscience. AP14145 dilutions were prepared freshly in extra-
cellular solution from 100mM stock solutions in DMSO.

UCL1684 (6,12,19,20,25,26-Hexahydro-5,27:13,18:21,24-trietheno-
11,7-metheno-7H-dibenzo [b,n] [1,5,12,16]tetraazacyclotricosine-5,13-
diium dibromide) was purchased from Tocris Bioscience. UCL1684
dilutions were prepared freshly in extracellular solution from 5mM
stock solutions in DMSO. Final DMSO concentrations never exceeded
0.1% (v/v).

pClamp 10.5 (Molecular Devices) was used for data acquisition
and analysis. To characterize the responses of the KCa2.2_F244S and
the KCa2.2_ S359T_A384Tmutants to AP14145 and UCL1684, whole-cell
recordings were performed. Seals (>1 GΩ) were formed before the
whole-cell configuration was obtained. Currents were elicited by
repetitive 1 s voltage ramps from − 120mV to 40mV, with a holding
potential of −70mV applied every 5 s. Currents were filtered at 2 kHz
and digitized at a sampling frequency of 10 kHz.

To measure the Ca2+ -dependent activation of the KCa2.2_F244S
and the KCa2.2_ S359T +A384T mutants, inside-out patch recordings
were performed. Seals (>1 GΩ) were formed before the inside-out
patch configuration was obtained. The intracellular face was initially
exposed to a zero-Ca2+ bath solution, and subsequently to a series of
bath solutions with varying Ca2+ concentrations. Currents were recor-
ded by repetitive 1 s voltage ramps from − 100mV to 100mV from a
holding potential of 0mV. One minute after switching of bath solu-
tions, ten sweeps with a 1 s interval were recorded. To construct the
concentration-dependent positive modulation of channel activities,
the current amplitudes at −90mV in response to various concentra-
tions of Ca2+ were normalized to that obtained at 10 μM of Ca2+. The
normalized currents were plotted as a function of the concentrations
of Ca2+. EC50 values andHill coefficients were determined by fitting the
data points to a standard concentration–response curve.

Data analysis was performed using pClamp 10.5 (Molecular Devi-
ces) in a blinded fashion. Concentration-response curves were ana-
lyzed in GraphPad Prism 9.0.2 (GraphPad Software Inc.). All data are
shown as mean± SD unless otherwise indicated. One-way ANOVA and
Tukey’s post hoc tests were used for data comparison of three ormore
groups. The unpaired Student’s t-test (two-sided) was used for data
comparison if there were only two groups. Figures were made using
GraphPad Prism 9.0.2 (GraphPad Software Inc.).

KCa2.2 single-channel recordings
KCa2.2_WT and KCa2.2_F244S mutant cDNAs were transfected into
HEK293T cells using the PEI transfection reagent system, respectively.
Single-channel currents were recorded from inside-out patches ~12 h
after transfection. The extracellular solution (pipette solution) con-
tained (in mM): 140 KCl, 10 Hepes (pH 7.4), 1 MgSO4. The intracellular
solution (bath solution) containing (in mM): 140 KCl, 10 Hepes (pH
7.2), 1 EGTA, and 1 HEDTA was mixed with Ca2+ to obtain free Ca2+ of
0.2 µM, calculated using the MaxChelator software. Borosilicate glass
electrodes (2-3MΩ) were pulled with a Narishige PC-100 pipette puller
and polished with a Narishige MF-830 micro forge. Currents were fil-
tered at 100 kHz and acquired using a Tecela Pico 2 system controlled
byWinWCP software (Strathclyde Electrophysiology Software) at -100
mV step froma holding potential of -60mV.Dataweredigitally filtered
at 1 kHz before analysis. Single channel amplitudes were measured
directly from the single channel activity recorded in the excised pat-
ches containing a single channel during the voltage step. The average
amplitudes were estimated from full channel openings.

MD simulations
The protonation states of titratable residues in the apo_KCa2.2 and
apo_KCa2.2_F244S structures were determined using the H++ server
(http://biophysics.cs.vt.edu/)47. The apo_KCa2.2 and apo_KCa2.2_F244S
structures were incorporated into an explicit lipid bilayer consisting of
POPC, POPE, POPS, and cholesterol in a molecular ratio of 25:5:5:148,
along with a water box with dimensions of 170.5 Å × 170.5Å × 131.7 Å.
This setup was achieved using the CHARMM-GUI Membrane Builder
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webserver (http://www.charmm-gui.org/?doc=input/membrane)49.
Ca2+ ions were included at the two EF-hands of the CaM N-lobe
according to the apo_KCa2.2 cryo-EM structure. No Ca2+ ion was
included at the CaM C-lobe. To the systems, 300mM KCl and addi-
tional neutralizing counter ions were added. The total number of
atoms in the systems were 357,302 and 357,214 for apo_KCa2.2 and
apo_KCa2.2_F244S, respectively. Parameter and coordinate files were
generatedusing the tleap (AMBER) program, employing the ff14SB and
Lipid17 force fields for proteins and lipids, respectively. MD simula-
tions were conducted using the PMEMD.CUDA program in AMBER 20
with periodic boundary conditions, creating isothermal-isobaric
ensembles. A voltage of 0.09 V/nm was added to the systems from
the intracellular to the extracellular side (~300mV membrane poten-
tial). Long-range electrostatics were calculated using the particlemesh
Ewald (PME) method50 with a 10Å cutoff. Prior to production runs,
energy minimizations were performed. The system was then heated
from 0K to 303K using Langevin dynamics with a collision frequency
of 1 ps−1. During heating, the apo_KCa2.2 and apo_KCa2.2_F244S struc-
tures were position-restrained with an initial constant force of
500 kcal/mol/Å2, gradually reduced to 10 kcal/mol/Å2 to allow lipid and
water molecules freedom of movement. Subsequently, the systems
underwent 5 ns equilibrium MD simulations. Finally, a total of 1 µs
production MD simulations were conducted (with a position-
restrained force of 50 kcal/mol/Å² applied to residues Val390,
Val391, and Ala392 to prevent the inner gate from closing) at Argonne
Leadership Computing Facility, saving coordinates every 100ps for
subsequent analysis. GROMCAS analysis tools were employed for tra-
jectory analysis of the MD simulations51.

2D interaction diagram of UCL1684 and the KCa2.2 channel
The 2D diagram depicting the interactions between UCL1684 (Sup-
plementary Fig. 13b) and the KCa2.2 channel was generated using the
UCL1684_KCa2.2 structure in the Discovery Studio program (Dassault
Systemes Biovia LLC).

Molecular docking of apamin into the outer pore of the KCa2.2
channel
We docked apamin into the KCa2.2 channel structure using the Glide
program within the Schrödinger software (Schrödinger Inc.). The grid
box was defined based on the apaminmimetic UCL1684’s binding site,
with a box size of 32 Å x 32 Å x 32 Å. For docking simulations, we
utilized a total of 10 NMR apamin structures from the database (PDB:
7oxf). The top-ranked pose of apamin within the binding site, deter-
minedbyXP score,was selected. Subsequently,weperformed Induced
Fit Docking (IFD) docking simulations (Schrödinger Inc.) to account
for the flexibility of both the channel and the toxin. The top XP score-
ranked pose was then subjected to a 200-step energy minimization
using the smart minimizer and the Generalized Born implicit mem-
brane (GBIM) in the Discovery Studio program (Dassault Systemes
Biovia LLC).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the
paper and its Supplementary information files, and available from the
corresponding author upon request. The atomic coordinates have
been deposited in the Protein Data Bank (PDB) under accession codes
8v2g [https://doi.org/10.2210/pdb8v2g/pdb] (apo_KCa2.2); 9eio
[https://doi.org/10.2210/pdb9eio/pdb] (apo_KCa2.2_F244S); 8v3g
[https://doi.org/10.2210/pdb8v3g/pdb] (UCL1684_KCa2.2); and 8v2h
[https://doi.org/10.2210/pdb8v2h/pdb] (AP14145_KCa2.2). The cryo-EM
maps have been deposited in the Electron Microscopy Data Bank

(EMDB) under accession codes EMD-42911 (apo_KCa2.2); EMDB-48088
(apo_KCa2.2_F244S); EMD-42947 (AP14145_KCa2.2); and EMD-42914
(UCL1684_KCa2.2). The following previously published PDB codes are
referred to: 6cnn [https://doi.org/10.2210/pdb6cnn/pdb]; 6cno
[https://doi.org/10.2210/pdb6cno/pdb]; 2r9r [https://doi.org/10.2210/
pdb2r9r/pdb]; and 5tj6 [https://doi.org/10.2210/pdb5tj6/pdb]. The
source data underlying Figs. 4g, 5e, 6e, and Supplementary Fig. 8j, 13d,
13f, 14c are provided as a Source Data file. Source data are provided
with this paper.
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