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Abstract 
Small conductance calcium-activated potassium channels (KCa2.x or SK) are critical 

regulators of neuronal excitability, and dysregulation of their function is linked to central 

nervous system disorders, including schizophrenia and depression. Structural analyses of the 

SK2 channel identified a phenylalanine at the tip of the S3–S4 extracellular loop as a key 

determinant for channel blockade by apamin and UCL1684. To investigate the functional 

significance of this residue, we used site-directed mutagenesis to substitute phenylalanine with 

either alanine or tyrosine in both SK2 and SK3 subtypes. Electrophysiological recordings and 

ligand binding assays revealed that the alanine substitution render both channels insensitive to 

the two compounds. The phenylalanine-to-tyrosine substitution has no significant impact on 

the sensitivity of SK channels to UCL1684, indicating a conserved conformation of the S3-S4 

loop and the specific low conductance structure of the selectivity filter. The SK3 tyrosine 

mutant does however display a fivefold reduced sensitivity to apamin possibly linked to an 

additional stabilizing H-bond between the tyrosine and the selectivity filter. The tyrosine 

mutation is not expected to significantly affect K+ current according to molecular dynamic 

simulations. 

The phylogeny of SK channels (SK1-4) is consistent with a model of vertebrate gene 

evolution driven by a whole-genome tetraploidization, with the first duplication occurring prior 

to the last common ancestor of vertebrates, and the second occurring separately after the split 

between jawless fishes and jawed vertebrates lineages. SK4 channels form a divergent group 

of paralogs presenting an early loss of the SK characteristic S3-S4 loop. A tyrosine residue 

represents the most frequent natural substitution of the conserved S3-S4 phenylalanine and most 

occurrences are found in a predominantly monophyletic group within the SK2 channel branch. 

Natural selection may have promoted this substitution by conferring reduced sensitivity to 

peptidic toxins produced by competing species, as illustrated by the human SK3–apamin 

interaction. 

 

Statement of significance 
Small conductance calcium-activated potassium (SK) channels regulate neuronal 

excitability and are implicated in neuropsychiatric disorders. A conserved phenylalanine within 

the S3–S4 extracellular loop is a critical determinant of small conductance and channel 

sensitivity to the apamin and UCL1684 blockers in SK2 and SK3 subtypes. Mutational analysis 

reveals that substitution of this residue with alanine abolishes inhibitor sensitivity, while 
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tyrosine substitution selectively reduces apamin sensitivity of SK3 likely without disrupting K+ 

conductance. Phylogenetic analysis indicates that this residue has been mostly conserved 

throughout evolution but was lost early in the SK4 group. These findings link SK channel 

pharmacology, structural determinants of pore function, and evolutionary adaptation, providing 

new insights into how extracellular loop architecture shapes K+ channel regulation and toxin 

sensitivity. 
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Introduction 
Small conductance calcium-activated potassium channels (KCa2.x or SK) are selective 

for K+ ions and their opening depends upon the Ca2+ concentration in the cytoplasm (1–3). 

Calcium ions bind calmodulin molecules which form a complex with SK proteins and thereby 

allow the opening of the channel through conformational changes (4). Three subtypes of SK 

proteins (SK1-3, encoded by KCNN1-3) have been cloned (5) and shown to be expressed in 

various tissues and organs in mammals (e.g. nervous system, pancreatic islet cells, atrial and 

endothelial cells) (6–10), displaying differential expression throughout the central nervous 

system (CNS). In situ hybridization and immunohistochemistry experiments in the rat revealed 

that SK1 and SK2 subtypes show overlapping expression in regions including the neocortex 

and hippocampus while SK3 expression is more prominent in subcortical areas (e.g. thalamus  

and monoaminergic cell regions) (11). 

In the CNS, SK channels play an essential role in regulating excitability by mediating 

the medium duration afterhyperpolarization (mAHP). Thus, blocking SK channels enhances 

excitability while increasing their opening decreases excitability (12–14). In consequence, SK 

channel modulation represents a promising strategy in the fight against various disorders of the 

CNS such as ataxia (15), schizophrenia (16) or mood disorders (17), the latter being supported 

by a mouse model with chronic social isolation-induced anxiety/depressive-like behaviors, in 

which serotonergic neuron excitability is decreased by an upregulation of SK3 channel 

function. The presence of different subtypes of SK channels (notably SK2 in humans) in 

cardiomyocytes indicates that they could also represent interesting targets for the treatment of 

atrial fibrillation (18,19). 

Several molecules are capable of blocking SK channel activity, but they are hardly 

usable for therapeutic purposes due to a lack of subtype-selectivity or a narrow therapeutic 

window. Apamin, a 18 amino acids peptide extracted from bee venom, is the archetypal 

inhibitor used for the study of SK channel structure and functions (1). It exhibits exceptionally 

high binding affinity towards all three SK channel subtypes, with affinity constants (KD) in the 

low picomolar range (~ 4 – 10 pM) for SK2 and SK3, and around 300 pM for the human SK1 

isoform (20–22). However, apamin displays a differential block for each of them with human 

SK2 being more sensitive (IC50 values from 27 to 140 pM) than SK3 (0,63 to 4 nM) and SK1 

currents (0,7 to 12 nM) (23,24). This suggests a critical step, which may be different in SK2 

and SK3, between binding and block. UCL1684, a bisquaternary molecule permanently 

charged which acts on the same binding site as apamin, is also a blocker of SK channel activity 
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but its selectivity for the different subtypes is low, as indicated by the IC50 values (~750 pM, 

~350 pM and from 2.5 to 9.5 nM for SK1, 2 and 3 respectively) (25,26). Finally, 

tetraethylammonium (TEA), a charged quaternary ammonium salt, is a nonspecific blocker of 

potassium channels. It has been shown to inhibit a broad range of K+ channels, including 

voltage-dependent and calcium-activated K+ channels, by acting as a plug on top of the 

selectivity filter (20). Different studies revealed that TEA blocks SK2 and SK3 channels with 

an IC50 value of approximately 5-10 mM (20,27).  Other compounds such as AG525E1 or 

NS8593 have also been shown to reduce SK activity but they also display poor selectivity in 

blocking SK channel subtypes (9,28). 

Numerous mutagenesis studies have been conducted to elucidate the molecular 

mechanism underlying apamin’s action, identifying key amino acid residues that influence its 

binding and inhibitory effects. Notably, several residues located in the extracellular vestibule 

of the pore, including a histidine conserved in both SK2 and SK3 subtypes, were found to be 

critical for effective interaction and subsequent channel blockade by the toxin (20,29). Within 

the pore region, a conserved valine present in SK2 and SK3 also appears to contribute 

significantly to apamin and TEA sensitivity (27). Furthermore, two independent studies 

highlighted the regulatory role of three residues within the S3–S4 extracellular loop, suggesting 

that this segment strongly modulates apamin affinity and channel inhibition (25,30). The 

functional significance of the S3–S4 loop was substantiated by AlphaFold2 models and further 

refined by the recent determination of the SK2 channel’s 3D structure via cryo-electron 

microscopy studies that include complexes with some SK modulators including UCL1684 and 

apamin (31–33). Structural analyses revealed that the S3–S4 loop adopts a β-hairpin shape, with 

each of the four channel subunits contributing to a canopy-like formation that overlays the pore 

domain. At the tip of this loop—right at the exit of the channel pore and near the selectivity 

filter—a phenylalanine residue was shown to be essential for both the proper folding of the loop 

and the binding of apamin and UCL1684. Several residues within the loop, including the 

phenylalanine, directly interact with the selectivity filter, inducing conformational changes that 

contribute to the low unitary conductance characteristic of SK channels (31). 

Building on prior structural characterizations of SK2 and a thorough phylogeny of SK 

channels that includes the intermediate conductance K+ channel SK4 (IK/KCa3.1), this study 

focuses on the functional and structural relevance of the S3–S4 b-hairpin loop and the 

conserved phenylalanine located at its tip. Using site-directed mutagenesis, this phenylalanine 

was substituted with either alanine or tyrosine in both SK2 and SK3 subtypes. In vitro binding 
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assays, in combination with electrophysiological recordings, confirm the essential role of this 

residue in mediating high-affinity interactions with the channel blockers UCL1684 and apamin. 

 

Materials and methods 
DNA construct, cell culture and preparation of biological material  

Wild-type human SK2 (NM_021614.3) and SK3 (NM_002249.6) genes, cloned in the 

pcDNA3.1-c-(k)DYK vector, were obtained from GenScript (catalog numbers OHu21556D 

and OHu22129D, respectively). Point mutations were generated via PCR using the Q5® Site-

Directed Mutagenesis kit from New England Biolabs (Ipswich, Massachusetts, USA) and were 

verified by DNA sequencing. Channels were transiently expressed in HEK293 cells. For each 

passage, cells were dissociated using a Trypsin-EDTA solution (Gibco©) and maintained in 

Dulbecco's Modified Eagle Medium (DMEM) with high glucose and stable-glutamine 

(Biowest©), supplemented with 10% Fetal Bovine Serum (Sigma-Aldrich©) and a Penicillin-

Streptomycin mix (Invitrogen©), at 37°C in a 5% CO2 atmosphere. 

For electrophysiology experiments, cells were plated in 35 mm Petri dishes (Falcon©) 

and co-transfected with EGFP-containing plasmids and SK plasmids 24 hours later. First, the 

complete DMEM medium was replaced with serum-free DMEM. Then, a mixture consisting 

of 50 µL of 0.2 µg/µL polyethyleneimine (M.W. 25000 Da, Alfa Aesar©), 10 µL of 0.1 µg/µL 

GFP plasmids, 15 µL of 0.1 µg/µL SK plasmids, and 125 µL serum-free DMEM, pre-incubated 

for 20 minutes, was added to the medium. Cells were used for patch-clamp experiments 16 to 

24 hours post-transfection. 

For membrane preparation, HEK293 cells were plated on 100 mm Petri dishes for 24 to 

48 hours until reaching approximately 90% confluence. They were then transfected with the 

corresponding plasmid in a 0.2 µg/µL polyethyleneimine solution. Cells were harvested 48 

hours later by trypsinization at 37°C and concentrated by centrifugation at approximately 250 

x g for 5 minutes at room temperature. Cells were resuspended in cold PBS (4°C) using 3 mL 

per dish and centrifuged twice for 10 minutes at 1000 x g (4°C). The pellet was resuspended in 

a lysis buffer (50 mM Tris, 1% BSA, pH 7.4) using 1 mL per dish, mixed thoroughly using a 

21G needle mounted on a syringe, and centrifuged for 10 minutes at 200 x g (4°C). The 

supernatant was then centrifuged for 25 minutes at 20000 x g (4°C), and the pellet was 

resuspended in a storage buffer (50 mM Tris, 5 mM KCl, pH 8.5) before being centrifuged 

again for 25 minutes at 20000 x g. The final pellet was resuspended in the same buffer using 1 

mL per dish. Protein concentration was determined using a colorimetric protein assay with a 
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bicinchoninic acid kit (Pierce), and the absorbance was measured at 560 nm with a FlexStation 

3 (Molecular Devices) spectrophotometer. Glycerol (10%) was added, and aliquots were stored 

at -80°C. 

 

[125I]-Apamin binding 

Binding assays were performed in a 10 mM Tris-HCl buffer (pH 7.5) containing 0.1% 

BSA and 5mM KCl. The radioligand 125I-apamin, with a specific activity of 2000 – 2200 Ci / 

mmol was obtained from PerkinElmer. Unlabeled apamin was diluted in mQ water at a 

concentration of 400 µM as stock solution and aliquots were stored at -20°C before use.  Glass 

fiber filters (Whatman GF/C, Maidstone, Kent, UK) used in these experiments were coated for 

1h in 0.5% polyethyleneimine to prevent apamin from binding to the filter, then washed with 

2.5 ml of ice-cold buffer just before use. For the screening of the different mutant channels, 

950µL of membrane preparations (final protein concentration: 10 µg/ml) were incubated for 1h 

at 0°C with 25µL of 5pM 125I-apamin in presence of 25µl of 0.1µM mQ water to measure the 

“Total” binding or in presence of 25µL of 0.1µM unlabeled apamin for the “Non-specific” 

binding. The protocol was the same for the saturation assay on the SK2 tyrosine mutant except 

that a range of radiolabeled apamin concentrations from 1 pM to 200 pM was used. At the end 

of the incubation period, aliquots were filtered under reduced pressure through Whatman filters. 

Filters were rapidly washed twice with 2.5 ml of ice-cold buffer and placed into a vial 

containing 7.5ml of scintillation liquid. Radioactivity was evaluated with a Packard Tri-Carb 

2300TR Beta-counter after a minimum of 3 hours of contact in absence of light. 

 

Electrophysiology 

Petri dishes containing HEK293 cells were placed into a recording chamber and 

superfused at room temperature with an external control solution containing 120 mM KCl, 1.44 

mM MgCl2, 10 mM glucose, 10 mM HEPES, 6.19 mM CaCl2, and 10 mM EGTA, with the pH 

adjusted to 7.4 using 10 mM KOH. The pipettes, made from borosilicate glass (code 1403513, 

Hilgenberg, Malsfeld, Germany), were pulled so that the tip of the pipettes was 1-2 µm and the 

access resistance generally ranged from 2 to 5 MΩ. Pipettes were filled with an internal solution 

consisting of 120 mM KCl, 2.34 mM MgCl2, 9.95 mM CaCl2 (10 µM free Ca2+), 10 mM EGTA, 

10 mM HEPES, and 1.5 mM Na2ATP, adjusted to pH 7.4 with 10 mM KOH. SK currents were 

recorded using the whole-cell configuration under symmetrical high potassium conditions, 

applying voltage ramps from -80 to +80 mV in 1 second (ramp speed = 160 mV/s). Currents 

were recorded using a MultiClamp™ 700B Microelectrode amplifier (Axon Instruments) and 
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filtered at 10 kHz using a low pass Bessel filter. Sampling frequency was 10 kHz. We did not 

attempt to correct for series resistance errors because in our experience these errors would not 

alter the measurement of the potency of the compounds to block the channels. 

Apamin and UCL1684, sourced from Tocris Biosciences (Bristol, UK), were prepared 

as stock solutions in water and DMSO respectively, each at a concentration of 300 µM, and 

stored at -20°C. The experimental solutions were prepared on the day of the experiment by 

diluting these stock solutions with the external solution. Control experiments showed that 0.1 

% DMSO (the maximal concentration used) had by itself no effect on SK currents.  

Tetraethylammonium (TEA, obtained from Sigma) solutions were also prepared freshly on the 

day of the experiment by dissolving the powder directly into the external solution. 

 

Data analysis and statistics 

Data analysis was carried out using GraphPad Prism 10.5.0 (GraphPad Software, San 

Diego, CA). For saturation binding experiments, data were fitted with equation Eq. 1: 

𝑌 = 𝐵!"#
$

($&'!)
 Eq. 1 

with X being the concentration of radioligand, Y the specific binding, Bmax the maximum binding 

and KD the dissociation constant of the ligand. 

For the electrophysiological experiments, concentration-response curves were fitted using the 

variable slope Hill equation Eq. 2: 

𝑌 = 𝐵𝑜𝑡𝑡𝑜𝑚 + ()*+,-*..*!)

(/&	("#$%& )')
  Eq. 2 

where X is the concentration of the blocker, Y is the normalized current amplitude, Top and 

Bottom are the plateaus, IC50 is the concentration of blocker that blocks 50% of sensitive 

current, and h is the Hill coefficient (expressed as negative values, but its absolute value is used 

in the text). All numerical values are expressed as mean ± S.E.M. Statistical analyses were 

performed using non-parametric tests (Kruskal-Wallis and Mann-Whitney). 

 

Phylogenetic Inference 

The multiple sequence alignment generated by AlphaFold3 to predict the SK3 structure 

was used to extract two sets of sequences with either a phenylalanine (SK-F) or a tyrosine (SK-

Y) at the position corresponding to the phenylalanine of the S3-S4 loop. Each set was realigned 

individually using MAFFT L-INS-i v7.526 (34). The SK-Y alignment was subsequently aligned 

onto the SK-F alignment using Two-Scalp v243240 (A. Bertrand, V. Lupo and D. Baurain; 

https://metacpan.org/dist/Bio-MUST-Apps-TwoScalp) with default parameters. Conserved 
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sites were then selected using ali2phylip.pl v0.252040 (D. Baurain; 

https://metacpan.org/dist/Bio-MUST-Core) with the ‘min’ and the ‘max’ option set to 0.3 and 

0.5, respectively. From the resulting matrix of 1,091 sequences x 389 amino acids, a first guide 

tree was computed using IQ-TREE v2.4.0 (35), using 1,000 ultrafast bootstrap (UFBoot) 

replicates (36), the ‘bnni’ option enabled, and ModelFinder (-m MFP option) for model 

selection, which identified the VT+F+R8 as the best-fit model. This guide tree was used to 

remove non-orthologous sequences from the alignment. 

The pruned alignment was further enriched as follows. First, it was uploaded to the 

HMMER webserver (37), and an hmmsearch was performed against the “Reference Proteomes 

(2025_01)” database with default parameters. Results were then filtered to retain only Metazoa 

hits with an E-value ≤ 1e-50. The newly identified sequences were deduplicated at species level 

using CD-HIT v4.8.1 (38) with sequence identity threshold set to 1 and, realigned to the pruned 

alignment using Two-Scalp v243240 with the ‘keep-length’ and ‘long’ options enabled. Finally, 

low-similarity segments from some sequences in the alignment were removed using 

HmmCleaner.pl v243280 (39) with the `large` option enabled. 

Conserved sites in the final alignment were selected using ali2phylip.pl v0.252040 with 

the ‘max’ and ‘min’ options set to 0.3 and 0.5 respectively. The resulting matrix of 4,418 

sequences x 393 amino acids was used to infer a phylogenetic tree with IQ-TREE v2.4.0, under 

the Q.insect+R10 model (selected by ModelFinder), with 1,000 UFBoot replicates and the 

‘bnni’ option enabled. 

Publicly available dataset and detailed command line log file can be found at 

https://doi.org/10.6084/m9.figshare.31231342. 

 

Structural models of SK2 and SK3  

Models of SK2 and SK3 used for structural analysis and molecular dynamic simulations 

were generated using a locally installed version of AlphaFold3 (40). The two sequences were 

retrieved from the UniProt database (KCNN2 HUMAN: Q9H2S1 and KCNN3 HUMAN: 

Q9UGI6). Each model included four SK monomers (only folded region, residues 114-479 for 

SK2 and 263-628 for SK3), four molecules of human calmodulin (CALM1 HUMAN: P0DP23) 

8 calcium ions (2 per N-terminal calmodulin domain) and 3 potassium ions. The structures of 

the human wild type SK3, SK2 F243Y (equivalent to F244 in the rat protein used for cryo-EM 

structures) and SK3 F392Y mutant channels were predicted using the SK2 structure 

(pdb_00008v2g) as unique template. For the SK2 F243A and SK3 F392A mutant, because an 
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effect similar to the serine mutation is expected, the SK2 F243S structure (pdb_00009eio) was 

used as unique template. 

 

Docking of TEA 

The docking of TEA was done on the SK2 WT (pdb_00008v2g) and SK2 F244S 

(pdb_00009eio) structures using the AutoDock Vina (41,42) algorithm as implemented in 

YASARA simulation software (43). TEA structure was imported from PubChem (PubChem 

CID 6285). To avoid steric hindrance and potential charge repulsion, water molecules and the 

two potassium ions closest to the outer pore were removed from the models. The docking 

simulation cell was a 20Å cube centered on the selectivity filter exit and the S3-S4 

phenylalanine residue. The entire channel was considered rigid. 100 runs were done and poses 

with RMSD lower than 5Å were clustered together and further analyzed for binding energy. 

 

Molecular Dynamics Simulations 

The protonation states of titratable residues of all structures and models of SK2 and SK3 

were determined using the H++ server (http://biophysics.cs.vt.edu/) (44). The SK2 and SK3 

models were inserted into a lipid bilayer consisting of POPC, POPE, POPS, and cholesterol in 

a molecular ratio of 25:5:5:1, surrounded with TIP3P water molecules and K+ and Cl- ions, 

corresponding to a salt concentration of ~300 mM. The size of the simulation cells were 171.34 

Å × 171.34 Å × 134.0 Å for SK2 and 173.91 Å × 173.91 Å × 130.9 Å for SK3. This setup was 

generated with the CHARMM-GUI Membrane Builder webserver using the ff14SB and 

Lipid21 force fields for proteins and lipids, respectively (45). The total number of atoms in the 

systems were 372165 for SK2 WT, 372155 for SK2 F243Y, 367499 for SK2 F243A, 371076 

for SK3 WT, 373542 for SK3 F130Y and 371359 for SK3 F130A. Molecular dynamics (MD) 

simulations were run using GROMACS 2025.3 (46). 

Initial energy minimization was performed using the steepest descent algorithm until 

the maximum force on any atom was below 1000 kJ·mol⁻¹·nm⁻¹. The minimization was run for 

up to 20,000 steps, with bond constraints applied to all bonds involving hydrogens. Long-range 

electrostatics were calculated using the particle mesh Ewald (PME) method with a 9 Å cutoff. 

Energy and pressure dispersion corrections were applied. During minimization, harmonic 

position restraints were applied with force constants of 4000, 2000, and 1000 kJ·mol⁻¹·nm⁻² to 

protein backbone, sidechain, and lipid atoms, respectively, and dihedral restraints of 1000 

kJ·mol⁻¹·rad⁻² were included to maintain proper torsional geometry. 
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The system was then equilibrated in several successive MD stages under constant 

temperature and pressure, gradually reducing the positional and dihedral restraints to allow full 

relaxation. Equilibration was first performed with a 1 fs time step, using the v-rescale thermostat 

to maintain 303 K with separate coupling groups for the solute, membrane, and solvent. 

Subsequent stages employed the C-rescale barostat in semi-isotropic mode at 1 bar (τ_p = 5 ps, 

compressibility = 4.5 × 10⁻⁵ bar⁻¹) and progressively weaker restraints (from 4000 to 50 

kJ·mol⁻¹·nm⁻² on backbone atoms). The integration time step was increased to 2 fs in the final 

stages, and all bonds involving hydrogens were constrained with the LINCS algorithm. The 

total equilibration time was approximately 2 ns, after which all restraints were released for the 

production simulation. 

All MD simulations were performed with the GROMACS MD engine using the 

parameters shown below. Simulations used the leap-frog MD integrator with a 2.0 fs time step, 

for a total of 1.0 μs per simulation. Hydrogen bond lengths were constrained with the LINCS 

algorithm. Position-restraint were applied to residues Val390, Val391 and Ala392 with a force 

value of 21000 kJ·mol⁻¹·nm⁻² on the backbone to prevent the inner gate from closing. 

Temperature was controlled using the stochastic velocity-rescale thermostat separate coupling 

groups for solute, membrane and solvent at 303 K; the coupling time constant was 1.0 ps for 

all groups. Pressure was maintained at 1.0 bar with the C-rescale barostat in semi-isotropic 

mode using τ_p = 5.0 ps and compressibility of 4.5×10⁻⁵ bar⁻¹ in the lateral and normal 

directions. Long-range electrostatics were calculated using the particle mesh Ewald (PME) 

method (47) with a 9 Å cutoff. The Verlet cutoff scheme was used with a neighbor list update 

every 20 steps. Long-range dispersion corrections for energy and pressure were applied. A 

uniform external electric field of 0.09 V·nm⁻¹ was applied along the +z axis to mimic a ~400 

mV transmembrane potential. MDAnalysis tools were employed for trajectory analysis of the 

MD simulations (48).  

 

Results 
Phylogenetic analysis of SK channels reveals naturally occurring SK channels with a 

tyrosine at the tip of the S3-S4 loop 

Given the functional importance of the phenylalanine residue at the tip of the S3-S4 

loop, we analyzed its conservation across species. A homology search based on primary 

structure similarity identified 4,418 sequences (see Materials and Methods), of which 780 

belong to protostomes and 3,638 to deuterostomes. The resulting phylogenetic tree (Fig. 1), 
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rooted on Protostomia, reveals that protostomes and basal deuterostome organisms (i.e., 

Hemichordata, Echinodermata, Branchiostoma, and Ascidiacea) harbor a single copy of SK 

channel, whereas vertebrates generally possess four copies, when terminal duplication events 

or isoforms (e.g., alternative splicing) are not considered. Two exceptions are observed in 

Cyclostomata (jawless fishes), which display two copies, and Chondrichthyes (cartilaginous 

fishes), in which three copies were recovered in our dataset. In vertebrates, three out of the four 

paralogs correspond to the small-conductance calcium-activated channels SK1-SK3, whereas 

the fourth corresponds to the intermediate conductance channel KCa3.1 (SK4/IK).  

We examined the distribution of amino acids at the position homologous to the 

phenylalanine residue located at the tip of the S3-S4 loop across the multiple sequence 

alignment. In protostomes, around 81.6% of the organisms (239/293) have either a missing or 

ambiguous (poorly aligned position) state at this position (Fig. 1 and Materials and methods), 

5.5% (16/293) encode Asn, whereas the remaining organisms display other amino acids or 

possess multiple SK copies with mixed states, including combination of ambiguous and non-

ambiguous residues. In basal deuterostomes, the phenylalanine is the most frequently observed 

amino acid. Specifically, 100% of organisms from Branchiostoma and Ascidiacea lineages 

display a phenylalanine at this position, whereas the single Hemichordata organism carries a 

tyrosine; in Echinodermata, 62.5% (5/8) and 37.5% (3/8) of organisms exhibit phenylalanine 

and tyrosine residues, respectively. 

In vertebrates, phenylalanine remains the predominant residue at this position, both in 

the two paralogs of Cyclostomata (100% of organisms) and across the SK1-SK3 paralogs in 

other vertebrates. More precisely, a phenylalanine is present in 94.5% (479/507) of organisms 

encoding SK1, 86.7% (472/543) of those encoding SK3, and 83.8% (477/569) of those 

encoding SK2. In addition, in SK1 paralogs, a phenylalanine is observed in combination with 

other residues or ambiguous states (i.e., multi-copy genes) within the same organism in 3.7% 

(19/507) of cases, whereas this proportion reaches 11.4% in SK3. Interestingly, in SK2 

paralogs, tyrosine is the most frequent alternative residue found in 14.1% (80/569) of 

organisms, all belonging to the Actinopterygii lineage. In contrast, a tyrosine is observed in 

only two organisms encoding SK1 and in a single organism encoding SK3, all of which also 

belong to the Actinopterygii lineage. 

Regarding SK4, which was included in this phylogenetic analysis despite its very 

different S3-S4 loop because it is part of the evolutionary history of the SK gene family, 95.6% 

(240/251) of organisms encoding this paralog display an ambiguous or missing state at this 

position, while a tyrosine is observed alone or in combination with an ambiguous state in 3.6% 
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(9/251) of cases. In one Latimeria organism (e.g., coelacanth), SK4 harbors a tyrosine in 

combination with an ambiguous state (i.e., multi-copy genes).  

 

 

 
Figure 1. Circular phylogenetic tree of SK channels. The tree does not contain branch lengths, nodes are collapsed if the 
sequences have the same taxonomy (see legend) and the same mutation (F, Y or other), black circles indicate bootstraps ³70. 
The first inner circle corresponds to the species taxonomy (see legend for details, white = undefined), the second circle 
highlights residue present at the tip of the S3-S4 loop (turquoise = F, burgundy = Y, other amino acids= gray and gap or 
ambiguous=white), and the last circle corresponds to the SK type. Positions of the human SK1, 2, 3, and 4 are marked with 
stars. 

 

Determination of the affinity of apamin for the SK2 and SK3 mutants  

Because this phylogeny of SK channels further highlight the importance of the 

phenylalanine residue at the tip of the S3–S4 b-hairpin loop, we chose to experimentally assess 

its role in SK2 and SK3 using alanine mutants, which would likely be disruptive, and tyrosine 

mutants, which represents the most common alternative to the phenylalanine observed in the 

phylogeny. We first evaluated the impact of both mutations on the affinity of apamin for SK2 

and SK3 channels by doing a screening with 5 pM radiolabeled 125I-apamin as described in the 
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methods. The results are shown in Table 1 where the specific binding is obtained by subtracting 

the measured non-specific binding from total binding (radioactive activity expressed in 

degradations per minute, dpm). As expected, mutation of the phenylalanine residue to alanine 

resulted in a loss of binding of 125I-apamin to SK2 (specific binding = 31 ± 93 dpm for SK2 

F243A vs 4106 ± 270 for SK2 WT ; n = 4) and SK3 channels (147 ± 155 dpm for SK3 F392A 

vs 4321 ± 304 dpm for SK3 WT ; n = 4). However, the results obtained for tyrosine mutants 

differ in SK2 and SK3. In SK2, the tyrosine mutation had no impact on the binding of 

radiolabeled apamin (specific binding = 5602 ± 224 dpm; n = 4), unlike SK3 where the same 

mutation greatly reduced the binding of the ligand to the channel (21 ± 105 dpm; n = 4). We 

repeated the experiment with the SK3 F392Y channel using a higher concentration of 

radiolabeled apamin (100pM) but the results still showed no binding of the ligand to the mutated 

channel (data not shown). 

A saturation assay was performed on the SK2 F243Y channel to measure the 

dissociation constant (KD) of apamin for this mutant and compare it to that of the WT SK2 

channel (Fig. 2). The KD of apamin were respectively 5,19 ± 1,96 pM and 4,31 ± 0,53 pM for 

WT and SK2 F243Y channels. Statistical analysis (Mann-Whitney test) did not detect any effect 

of the mutation at the given sample size (p = 0.7 ; n = 3 for each).  

 
 Channels SK2 WT SK2 F243Y SK2 F243A SK3 WT SK3 F392Y SK3 F392A 

Ra
di

oa
ct

iv
ity

 

(d
pm

)  

Total Binding 4305 ± 239 5854 ± 245 298 ± 68 4660 ± 199 254 ± 69 385 ± 246 

Non Specific Binding 199 ± 35 252 ± 29 267 ± 45 340 ± 125 233 ± 40 238 ± 93 

Specific Binding 4106 ± 270 5602 ± 224 31 ± 93 4321 ± 304 21 ± 105 147 ± 155 

Table 1. Screening of mutants compared to wild-type channels in in-vitro binding assay. Radioactivity is expressed in 
degradation per minute (dpm) and specific binding is obtained by subtracting the measured non-specific binding from total 
binding. 
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Figure 2. Saturation relationships for 125I-apamin binding to expressed SK2 WT (A) or SK2 F243Y (B) subunits. The 
KD of apamin for SK2 WT and SK2 F243Y are similar (p = 0.7 ; n = 3;  Mann-Whitney test). Error bars correspond to the 
standard deviation (SD). 

 

The sensitivity of the mutated channels to TEA remains unchanged compared to wild-type 

channels 

TEA acts as a conventional potassium channel pore blocker by binding near the 

extracellular opening of the selectivity filter. It is commonly used to probe for structural 

changes in the outer pore region (20,49–52). In our initial patch clamp experiments, we applied 

TEA to verify that the channel mutations did not affect its sensitivity to the blocker. Any 

alteration in TEA responsiveness would indicate a significant conformational change or 

collapse of the channel pore. 

As previously described (20,27,53), the expression of wild-type or mutated (alanine and 

tyrosine) SK2 and SK3 subunits produced inwardly rectifying currents in whole-cell recordings 

performed in symmetrical K+ conditions and in the presence of 10 µM free Ca2+. Currents were 

blocked by the application of increasing TEA concentrations (see Fig. S1 and S2 for raw current 

traces), and concentration-inhibition curves obtained after fitting the data with the Hill equation 

(Fig. 3). For SK2, the following IC50 values were respectively obtained for WT channels, the 

tyrosine mutant, and the alanine mutant: 5.91 ± 1.72 mM, 6.94 ± 1.46 mM, and 5.86 ± 0.48 mM 

(n=5 for each channel). For SK3, the values obtained were: 7.83 ± 2.09 mM (WT), 9.89 ± 2.37 

mM (SK3 F392Y), and 8.42 ± 1.67 mM (SK3 F392A) (n=5). The fitted Hill coefficient (h) was 

around unity for each of the 6 channels tested (Table S1), in good agreement with findings from 

previous studies (20) and supporting the expected one-to-one binding interaction characteristic 

of a pore-blocking mechanism. Statistical analysis of IC50 values (Kruskal–Wallis test) did not 

detect any difference in sensitivity between wild-type and SK2 mutant channels (p = 0.74), or 
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between wild-type and SK3 mutant channels (p = 0.83), although the sample size may limit the 

detection of subtle effects. 

 

Figure 3. Patch clamp concentration-inhibition curves of TEA on SK2 (A) and SK3 (B). The sensitivity for wild-type 
channels and their SK2 F243A/Y and SK3 F392A/Y mutants are similar (p > 0.05 ; n = 5 ;  Kruskal-Wallis test). Error bars 
correspond to the standard error of the mean (SEM). 

 

Mutation of the conserved S3-S4 phenylalanine affects blockade by apamin 

The importance of the unique S3-S4 phenylalanine for the efficacy of SK specific outer 

pore targeting blockers was further assessed, starting with the bee venom peptidic toxin apamin. 

Application of increasing concentrations of apamin led to the progressive inhibition of the 

currents measured in patch clamp experiments for HEK293 cells overexpressing SK2 WT and 

SK3 WT channels, as well as from their tyrosine mutants (Fig. 4A–D; see Fig. S3 and S4 for 

recordings on different cells). The IC50 values calculated from the concentration-inhibition 

curves are 220.5 ± 41.3 pM (h = 1.68 ± 0.11, n = 5) for SK2 WT and 377.6 ± 94.7 pM (h = 1.27 

± 0.10, n = 5) for SK3 WT (Fig. 4E-F, Table S1). Contrary to previous reports, our results do 

not reveal any significant difference between the IC50 values of these two channels within the 

limits of our sample size, although a trend is noted  (p = 0.22, Mann-Whitney test), with SK3 

exhibiting greater sensitivity than previously documented (20,26,27). For SK2 F243Y, we 

obtained an IC50 of 226 ± 37.7 pM (h = 1.20 ± 0.09, n = 5), similar to that of the SK2 WT (Fig. 

4E, p > 0.99). Surprisingly, and in contradiction with the absence of binding observed during 

the screening of mutants, we observed a current block for the SK3 F392Y channel. However, 

unlike in SK2, a significant increase of the IC50 value for SK3 F392Y (2.03 ± 0.25 nM; h = 1.05 

± 0.12, n = 5) was observed compared to that for SK3 WT (Fig. 4F, p = 0.008).  

Because SK2 F243A and SK3 F392A did not exhibit any binding to radiolabeled apamin 

in the binding assays, we applied a supramaximal concentration of apamin (1 µM) in the patch-
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clamp experiments. As anticipated, no current blockage was observed in either case (Fig. 4G-

H). The average inhibition of current at -80 mV was -2.1 ± 6.8% for SK2 F243A (n = 5) and 

1.2 ± 3.6% for SK3 F392A (n = 4). The minor variations observed are likely due to a slight 

fluctuation in current intensity over the period of the experiment rather than to an effect of 

apamin. Taken together, these results confirm the importance of the phenylalanine residue of 

the S3-S4 loop in the binding and blocking mechanisms by apamin. 
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Figure 4. Effect of the S3-S4 phenylalanine mutations on blocking by apamin in whole-cell patch clamp experiments. 
(A-D) Representative I–V relationships measured from whole-cell recordings obtained from HEK293 cells expressing SK2 
WT, SK3 WT, SK2 F243Y or SK3 F392Y channels, in the absence (control, black line) or in the presence of increasing 
concentrations of apamin, from the lowest concentration (dark grey line) to the highest concentration (light grey line). For SK2 
WT, SK3 WT and SK3 F243Y, the apamin concentrations used were 10 pM, 30 pM, 100 pM, 300 pM, 1 nM, 3 nM and 30 
nM. For SK3 F392Y, the apamin concentrations were 100 pM, 300 pM, 1 nM, 3 nM, 10 nM, 30 nM and 100 nM. (E) 
Concentration-inhibition curves of apamin for SK2 WT and SK2 F243Y, error bars correspond to the standard error of the 
mean (SEM). (F)  Same for SK3 WT and SK3 F392Y. (G-H) I–V relationships measured from whole-cell recordings obtained 
from HEK293 cells expressing SK2 F243A (n = 5) or SK3 F392A (n = 4) channels, in the presence (red line) or absence (black 
line) of apamin 1µM. 

 

Mutation of the conserved S3-S4 phenylalanine affects blocking by UCL1684 

UCL1684 displaces apamin from its binding to the channel outer pore region (25,54). It 

is therefore possible that the mutations of the phenylalanine generated in this study also have 

an impact on the interaction between SK subtypes and the bisquaternary compound. As with 

apamin, the application of increasing concentrations of UCL1684 led to the inhibition of wild-

type and tyrosine mutant channels (Fig. 5A–D; see Fig. S5 and S6 for recordings on different 

cells). The IC50 values determined for the SK2 WT and SK3 WT current inhibition by UCL1684 

(Fig. 5E-F, Table S1) were respectively 365.9 ± 55.9 pM (h = 0.89 ± 0.06) and 411.2 ± 98.3 

pM (h = 0.60 ± 0.04,). Statistical analysis (p > 0.99; n = 5) did not provide evidence for a 

difference between these values. Experiments on tyrosine mutants also revealed similar results 

with the following IC50 for SK2 F243Y and SK3 F392Y respectively: 457.5 ± 81.6 pM (h = 

0.73 ± 0.06, n = 5) and 380.4 ± 51.6 pM (h = 0.60 ± 0.07, n = 5). The IC50 of UCL1684 were 

comparable for wild type and tyrosine mutant channels in both SK2 and SK3 (p = 0.55 for SK2 

channels and p > 0.99 for SK3 channels). In contrast to what we observed for the SK3 tyrosine 

mutant in the apamin experiments, we did not observe a statistically significant difference in 

the block by UCL1684 of the tyrosine mutant and the wild-type channel. 

For the SK2 F243A and SK3 F392A mutants, similarly to our experiments with apamin, 

we assessed their activity using a supramaximal concentration (1 µM) of UCL1684 (Fig. 5G-

H). The findings indicated that these alanine mutants are insensitive to UCL1684, with average 

current inhibition of 5.2 ± 1.7% for the SK2 F243A channel (n = 5) and 1.1 ± 2.6% for SK3 

F392A (n = 5). These results further confirm that the phenylalanine residue in the S3-S4 loop 

is crucial for the binding and blocking not only by apamin but also by UCL1684. Table S1 

summarizes the IC50 values and Hill coefficients obtained for each channel tested with each of 

the compounds. 
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Figure 5. Effect of the S3-S4 phenylalanine mutations on blocking by UCL1684 in whole-cell patch clamp experiments. 
(A-D) Representative I–V relationships measured from whole-cell recordings obtained from HEK293 cells expressing SK2 
WT, SK3 WT, SK2 F243Y or SK3 F392Y channels, in the absence (control, black line) or in the presence of increasing 
concentrations of UCL1684, from the lowest concentration (dark grey line) to the highest concentration (light grey line). The 
UCL1684 concentrations used were 10 pM, 30 pM, 100 pM, 300 pM, 1 nM, 3 nM, 30 nM and 300 nM. (E-F) Concentration-
inhibition curves show similar sensitivity to UCL1684 for wild-type and tyrosine mutant in both SK2 and SK3 (p > 0.05 ; n = 
5 ; Mann-Whitney test). Error bars correspond to the standard error of the mean (SEM). (G-H) I–V relationships measured 
from whole-cell recordings obtained from HEK293 cells expressing SK2 F243A (n = 5) or SK3 F392A channels (n = 5). Each 
I–V plot shows an averaged control trace (black) and an averaged trace obtained in the presence of UCL1684 1µM. 

 

Modeling of the SK2 F243Y and SK3 F392Y mutants 

To further investigate the impact of the phenylalanine to tyrosine mutation, structural 

models of tyrosine mutants in SK2 and SK3 were generated using AlphaFold3, with the SK2 

wild-type structure (pdb_00008v2g) serving as unique template to preserve the low 

conductance conformation of the selectivity filter. The overall ranking score were respectively 

0.88 and 0.89 for SK2 F243Y and SK3 F392Y models. The average pLDDT for residues present 

in the model are 82.3 and 82.7 respectively (Fig. S7). This setup allowed the prediction of the 

specific low conductance conformation of the selectivity filter observed in the SK2 structure 

(Fig. 6). The rms deviation calculated for all Ca between any SK molecule of the SK2 structure 

and the SK2 F243Y or SK3 F392Y models are respectively 1.6 Å and 1.7 Å. 

In these models, the hydrophobic interactions of the S3-S4 phenylalanine previously 

shown to induce conformational changes in the SK2 selectivity filter is maintained by the 

substituting tyrosine and this residue forms an additional hydrogen bond with the carbonyl 

group of the second glycine of the selectivity filter GYG motif (G362 in SK2, G511 in SK3). 

These hydrogen bonds are 2.8 Å and 2.6 Å long in SK2 and SK3 respectively and are ideally 

oriented within the same monomer (Fig. 6C-D). This additional interaction potentially enhances 

the stability of the S3–S4 loop conformation. 



22 
 

    

 

Figure 6. Models of the SK2 F243Y and SK3 F392Y mutants. (A-B) Extracellular view of the SK2 F243Y and SK3 F392Y 
models (respectively in orange and yellow) superimposed on SK2 WT structure – pdb_00008v2g (cyan). S3-S4 loop of SK2 
WT is shown in magenta. (C-D) Zoom on the on the pore exit of the channels. The hydrogen bonds between Y243 and G362 
in SK2, and Y392 and G511 in SK3 are shown as black dashed lines. 

   

Determination of the potential binding mode of TEA by docking  

To gain further insight into the interaction between TEA and SK channels, molecular 

docking was first performed on the wild-type SK2 channel structure (pdb_00008v2g) using the 

AutoDock Vina algorithm. The two top-scoring binding poses (Fig. 7A) position TEA at the 

extracellular pore entrance: either adjacent to the conserved phenylalanine residues within the 

S3-S4 loops (pose 1), or within the negatively charged region formed by the carbonyl groups 

of the selectivity filter (pose 2). While pose 2 exhibits a more favorable binding energy (-3.95 

kcal/mol; KD: 1.27 mM), Pose 1 (-3.41 kcal/mol; KD: 3.15 mM) seems to be more plausible. 

The steric bulk of TEA seems to prevent it from penetrating between the phenylalanine side 

chains to access the selectivity filter directly. Such access would require conformational 
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flexibility in the S3-S4 loop, which appears unlikely given the low B-factors observed in the 

SK2 experimental structure and the molecular dynamics simulation previously performed (31). 

However, previous whole-cell patch clamp experiments recording the current induced at -80 

mV upon apamin addition after incubation with 1.8mM TEA have suggested that the apamin 

and TEA sites on SK3 are distinct (20). This absence of competition between these blockers 

would therefore be in better agreement with pose 2. 

To support our experimental observations and assess whether TEA remains localized in 

the pore when the S3-S4 loop becomes unstructured—a condition we hypothesize arises from 

phenylalanine-to-alanine substitution—we conducted additional docking simulations using the 

recently solved structure of the SK2 F243S mutant (pdb_00009eio), which should be 

structurally comparable to the alanine mutant. The most favorable binding pose (Fig. 7B) was 

located at the pore exit, occupying an intermediate position between Poses 1 and 2 seen in the 

wild-type channel. The associated binding energy and KD were -2.58 kcal/mol and 12.80 mM, 

respectively. These values are of the same order of magnitude as those obtained for the wild 

type channel but seem to indicate a slight decrease in the affinity of TEA for the channel.  

 
Figure 7. Docking of TEA on SK2 channel. (A) Side view of the two poses (pose 1 in green and pose 2 in orange) obtained 
for the docking of TEA on SK2 WT channel. Residues composing the selectivity filter (cyan) and the phenylalanine of the S3-
S4 loops (magenta) are shown as sticks. (B) Side view of the pose obtained for the docking of TEA on SK2 F243S channel. 
Residue numbering was adjusted to match the human form of the protein. (C) Side view of the KcsA structure (pdb_00002boc) 
complexed with tetraethylarsonium in the presence of thallium ions. In each panel, only two monomers of the channels are 
displayed for clarity. 

 

 

Molecular dynamic simulations of K+ permeation through mutated SK channels 

All-atom MD simulations were performed to assess K+ permeation through the pores of 

SK2 and SK3, as well as of their variant with the S3-S4 loop phenylalanine substituted by an 

alanine or a tyrosine with a setup similar to that of Nam et al (31). We followed K+ permeation 
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events through the selectivity filter of SK channels embedded in lipid bilayers in the presence 

of a symmetric 300 mM KCl aqueous solution and a transmembrane voltage potential of 300 

mV during 1-μs-long simulations. The inner gate was kept open throughout the simulation with 

restraints on the conserved gate valine and the two adjacent residues. For each channel, three 

trajectories were generated starting from the same initial state but with a different set of random 

velocities for the atoms. For SK2, the experimental structure (pdb_00008v2g) was used as 

starting point, while the AlphaFold model was used in every other case (based on the 8v2g 

structure for SK2 F243Y, SK3 WT and SK3 F392Y, and based on the 9eio structure for SK2 

F243A and SK3 F392A). Measurement of the distance between the Ca of the S3-S4 loop 

phenylalanine (or its substituted residue) from opposite molecule and between the Ca of the 

tyrosine residue of the selectivity filter from opposite molecules, as well as the evolution of the 

RMSD calculated for the backbone atoms of all amino acid in the system show a good overall 

stability throughout the 1 μs duration of the simulations (Fig. S8-S13). 

For SK2 WT and SK3 WT, the average number of permeation events calculated for the 

three replicates are similar, 13 ± 7 and 16 ± 4 respectively (Fig. 1, S8 and S11). For the tyrosine 

mutants, the values are also in the same range, with 16 ± 6 and 10 ± 3 for SK2 F243Y and SK3 

F392Y respectively (Fig. 1, S9 and S12, supplemental movie 1-2). However, for the alanine 

mutants the average number of permeation events greatly increases to 46 ± 4 and 58 ± 19 for 

SK2 F243A and SK3 F392A respectively (Fig. 1, S10 and S13, supplemental movie 3-4), as 

observed for the serine mutant (31). 

 
Figure 1. K+ permeation events detected during MD simulations. Count of K+ ions going through the selectivity filter of 
SK2 WT, SK2 F243Y, SK2 F243A, SK3 WT, SK3 F392Y and SK3 F392A during 1µs MD simulations. Each simulation was 
replicated three times. 
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Discussion 

Effect of the S3-S4 phenylalanine mutations on the SK2 and SK3 structures 

 In the absence of experimental data on the structure of the mutated SK channels used in 

the present study, we relied on in silico predictions generated with the AlphaFold3 software 

(40). However, the only conditions in which we were able to generate models with the specific 

conformation of the selectivity filter observed in the WT SK2 structure, is by running 

AlphaFold3 with the latter structure as unique template. This strategy was therefore used to 

generate the models of SK3 WT and the SK2 and SK3 tyrosine mutants. Consequently, these 

models are not independent proof of the structure of these mutants, but an illustration of the 

potential effect induced by the replacement of the S3-S4 phenylalanine by a tyrosine. The 

probability that these models are correct is however high because the hydrophobic interactions 

mediated by the phenylalanine which induce the conformation of the selectivity filter is fully 

conserved with the tyrosine. Furthermore, the hydroxyl group of the latter does not generate 

steric hindrance or electrostatic repulsion but provides an ideal H-bond with the second glycine 

of the selectivity filter (Fig. 6), which further stabilizes the observed conformation of the S3-

S4 loop responsible for the small current of SK channels (31). 

For the alanine mutants, we expect the same destabilization of the S3-S4 loop as the one 

observed for the SK2 F243S mutant (31), and therefore the same return to the canonical 

conformation of the selectivity filter. Because the S3-S4 loop is not defined in the SK2 F243S 

structure, it very likely also represents the structure of the SK2 F243A mutant. 

 

Low IC50 values for the blockage of SK3 by apamin and UCL1684 

While the IC50 values obtained for SK2 WT with apamin and UCL1684 are consistent 

with those reported in the literature, the values calculated for SK3 WT with both compounds 

are slightly lower than previously published data.  For apamin, reported IC50 values for SK3 

vary considerably, ranging from 630 pM to 19 nM (23,55,56), placing our measured value 

(377.6 ± 94.7 pM) not far outside that range. In contrast, reported IC50 values for UCL1684 

generally fall within the low nanomolar range (2.7–9.5 nM) (26,57), whereas our measured 

value is approximately tenfold lower (411.2 ± 98.3 pM) 

At present, we do not have a definitive explanation for this discrepancy. The results 

were highly reproducible over several weeks, and experiments on SK3 were performed in 
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parallel with those on SK2, limiting the likelihood of systematic experimental bias. In addition, 

the IC50 values obtained with TEA are in good agreement with previously published data 

(20,23,27), supporting the overall reliability of our measurements. Finally, extra verifications 

were carried on to ensure that the protocol didn’t include any error and that the correct plasmid 

was used for transfection.  

 

TEA blocking and S3-S4 phenylalanine mutations  

Electrophysiological experiments with TEA showed that substitution of the conserved 

S3–S4 loop phenylalanine with an alanine or a tyrosine in SK2 and SK3 channels did not seem 

to alter their sensitivity to the blocker (Fig. 3 and Table S1). All channel variants exhibited 

concentration–response curves with IC50 values in the millimolar range, and no statistically 

significant differences were observed between a wild-type channel and its mutants. To further 

investigate TEA binding, molecular docking was performed using the SK2 WT structure 

(pdb_00008v2g)(31). Two binding sites were identified at the extracellular pore entrance: one 

adjacent to the S3–S4 phenylalanine side chains and another within the widened outer 

selectivity filter. Although the latter had a more favorable binding energy (–3.95 kcal/mol), 

steric hindrance likely limits TEA access to this site, making the first pose more likely. Docking 

simulations using the structure of a SK2 F243S channel (pdb_00009eio) as a surrogate for 

alanine mutants, revealed a binding location between the four G362 and D363 residues at the 

exit of the selectivity filter, similar to the one observed in the structure of the KcsA K+ channel 

in complex with tetraethylarsonium, a TEA analogue (Fig. 7B-C) (51). The calculated KD from 

docking experiments are of the same order of magnitude (mM range) as the experimentally 

determined IC50 values, reinforcing the relevance of the predicted docking poses. The fine 

fluctuations between the KD related to the SK2 WT and the mutants do however not match the 

experimentally determined IC50 values. 

 

UCL1684 blocking and S3-S4 phenylalanine mutations  

Two cryo-EM structures of SK2 in complex with UCL1684 have recently showed the 

importance of the S3-S4 phenylalanine for the binding of this compound (31,33). This result 

was confirmed with both SK2 F243A and SK3 F392A mutants which were entirely insensitive 

to UCL1684 in whole cell patch clamp experiments. For the tyrosine mutants, IC50 values 

remained in the hundreds picomolar range, and the analysis did not provide evidence for an 

effect in either SK2 F243Y or SK3 F392Y, suggesting that this substitution does not markedly 
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disrupt interaction with the compound. This is a strong indication that the specific conformation 

of the S3-S4 loop is not affected in the SK2 F243Y and SK3 F392Y mutants.  

Note that UCL1684 inhibition curves yielded an apparent Hill coefficient lower than 1, 

indicating a shallower slope than expected for a simple one-site interaction. This is unlikely to 

result from experimental artefacts, as TEA and apamin displayed Hill coefficients close to unity 

under identical conditions. The origin of this reduced slope remains unclear, although Hill slope 

lower than 1 have occasionally been reported for UCL1684 on SK channels (58). 

 

Apamin blocking and S3-S4 phenylalanine mutations  

As highlighted by the two recent cryo-EM structures, the apamin interaction with SK2 

is highly dependent of on two p-cation interactions between the apamin R13 and R14 and the 

S3-S4 phenylalanine residue of two opposite SK2 molecules of the channel. This interaction 

induces a transition between the low conductance conformation of the selectivity filter observed 

in the 8v2g SK2 structure and the canonical conformation of the selectivity filter present in the 

SK2-apamin complex (32,33). Radioligand binding assays using 125I-apamin showed that 

alanine substitution at this position abolishes apamin binding in both SK2 and SK3 channels, 

functionally leading to an absence of current blockage as shown in whole cell patch clamp 

experiments for apamin concentration up to 1 µM. 

Substitution of the S3-S4 phenylalanine with a tyrosine however produces more 

nuanced effects. SK2 F243Y binds apamin with an affinity comparable to the SK2 WT and in 

whole cell patch clamp experiments, the current flowing through these two channels is blocked 

by apamin with similar IC50 values in the low hundreds picomolar, indicating that, in SK2, the 

tyrosine substitution does not impact apamin binding and its functional blockade.  

For SK3, the SK3 F392Y mutant failed to bind apamin, even with a 20-fold increased 

ligand concentration and despite several attempts with different batches of membrane 

preparation. Additionally, in the functional assay, SK3 F392Y showed an approximately 5-fold 

increase in IC50 compared to SK3 WT. These results point to a significantly lower affinity of 

apamin for SK3 F392Y. The 3D models obtained for SK2 F243Y and SK3 F392Y show that in 

these mutants the stability of the S3-S4 loop could be increased because of the additional H-

bond formed by the tyrosine hydroxyl group and the carbonyl of the second glycine of the 

selectivity filter GYG motif (Fig. 6C and D). A higher stabilizing impact of this H-bond in SK3 

could slightly prevent the conformational change induced upon binding of apamin, potentially 

leading to the lower affinity observed.  
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Evolutionary history of the SK gene family in vertebrates 

The overall topology of the SK phylogenetic tree is consistent with current models of 

vertebrate gene evolution. In fact, it was proposed that vertebrate evolution has been driven by 

a whole-genome tetraploidization event that occurred more than 450 million years ago in an 

early vertebrate lineage (59,60). However, the precise timing of the two rounds of vertebrate 

whole-genome duplication remains debated. Two main hypotheses have been proposed: (i) both 

duplication events occurred early in vertebrate evolution, prior to the last common ancestor of 

vertebrates, or (ii) the first duplication occurred prior to the last common ancestor of vertebrates, 

whereas the second occurred separately after the split between agnathans (jawless fishes) and 

gnathostomes (jawed vertebrates) lineages (61). 

Our phylogenetic analysis supports the second scenario, where all four SK paralogs are 

represented exclusively by sequences from jawed vertebrates, including Chondrichthyes, 

Actinopterygii, Latimeria, Amphibia, Sauria, and Mammalia. In contrast, sequences identified 

in jawless fishes (i.e., Cyclostomata) are restricted to two paralogous lineages: one positioned 

at the base of the SK3-SK4 subtree, and the second grouping close to the basal deuterostome 

sequences (i.e., Hemichordata, Echinodermata, Branchiostoma, and Ascidiacea), at the base of 

the larger subtree encompassing all four SK paralogs (Fig. 1). Nevertheless, the alternative 

scenario cannot be excluded. Indeed, some jawless fish species have undergone extensive gene 

loss during their evolutionary history (62) and their relatively low extant species diversity (63) 

may also contribute to the observed topology. 

Regarding Chondrichthyes (cartilaginous fishes), our analyses do not recover the SK4 

paralog. This absence may reflect incomplete or fragmented genome assembly, along with 

limited representation in public genomic databases (64). However, lineage-specific loss of this 

paralog in early chondrichthyans cannot be ruled out. 

In addition to the two whole-genome duplications that occur early in vertebrate 

evolution, a third whole-genome duplication occurs later in teleost fishes, a major subdivision 

of Actinopterygii, around 286-267 million years ago (61,65,66). Consequently, additional 

paralogs are observed within SK1 (named SK1A and SK1B) and SK3 (SK3A and SK3B) 

subtrees (Fig. 1), resulting in up to six SK copies in some teleost genomes. Because teleost 

fishes subsequently lost an estimated 70-80% of duplicated genes following this whole-genome 

duplication (65), we assume that additional SK2 and SK4 copies were likely lost during this 

period. 

Analysis of the residue located at the tip of the S3–S4 loop showed that phenylalanine 

is the predominant amino acid across deuterostome sequences. However, a few natural 
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substitutions are occasionally observed, with tyrosine being the most frequent alternative 

residue. The tyrosine form is mainly found in the SK2 paralog within Actinopterygii. Outside 

vertebrates, a tyrosine is also observed in basal deuterostomes (Hemichordata and 

Echinodermata). Because only a single Hemichordata sequence is available, and both 

phenylalanine and tyrosine residues are present in Echinodermata, it remains unclear whether 

the phenylalanine or tyrosine represents the ancestral state of the SK channel. In vertebrates, 

the tyrosine form is rarely observed in SK1, SK3 and SK4 paralogs. Actinopterygian species 

typically harbor either the phenylalanine or the tyrosine form of SK2, but rarely both, 

supporting a phenylalanine to tyrosine substitution at the base of the actinopterygian SK2 

lineage followed by lineage-specific reversions. 

Interestingly, residue analysis reveals that the S3-S4 loop region is highly divergent in 

all SK4 paralogs and in the additional SK3 (SK3B) paralog identified in teleost fishes, 

suggesting a functional shift in these channels. While such divergence is consistent with the 

known functional properties and structure of SK4(4), the functional divergence of the 

actinopterygian SK3B paralog remains unknow. 

 

Physiological effect of a tyrosine the tip of the S3-S4 loop  

The S3-S4 loop and in particular its tip phenylalanine have been linked to a SK specific 

low conductance conformation of the selectivity filter(31). This result was validated by the 

study of a SK2 channel with the phenylalanine substituted into a serine which displayed a higher 

single channel current, a higher number of ion permeation events in MD simulations and an 

experimental structure with a canonical conformation of the selectivity filter. These results are 

in line with our MD simulations on SK2 F243A and SK3 F392A, which show a more than 3.5-

fold increase in permeation events during 1 μs simulations compared to WT channels (Fig. 1). 

This suggest a similar impact of the alanine and serine mutations even if our simulations cannot 

be considered as independent validations because they are using an initial model that uses the 

SK2 F243S structure as template. 

Phylogenic analysis of potassium channels containing the SK specific S3-S4 loop 

identified naturally occurring substitutions of the S3-S4 phenylalanine into a tyrosine. Because 

it very rarely occurs in the SK1 and SK3 groups of the tree, and it forms a monophyletic group 

in the Actinopterygii class of the SK2 group where most substitutions are observed, we wonder 

if this substitution is linked to specific properties of these SK channels. The more polar property 

of the tyrosine compared to the phenylalanine could indeed have a positive effect on the flow 

of K+ ions through the channel. Comparison of the permeation events detected during the MD 
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simulations of the SK2 WT, SK2 F243Y, SK3 WT and SK3 F392Y did however not lead to the 

identification of a significant difference neither between a channel and its mutant nor between 

channel subtypes, likely indicating an absence of effect of the tyrosine mutation on the K+ 

current.  

Additionally, because of the additional H-bond between the tyrosine side chain and the 

selectivity filter (Fig. 6C and D), this mutation could impact the stability of the S3-S4 loop and 

consequently of the overall low conductance conformation of the channels. The advantage of 

having more stable SK channel could be crucial to maintain the SK functionality in a wider 

range of conditions or if the susceptibility to peptidic toxins like apamin is indeed reduced like 

we measured in the case of SK3 (Table 1 and Fig. 4F), the tyrosine mutation could have been 

selected as a mechanism of resistance in an Actinopterygii ancestor facing the challenge of 

toxin producing rival species. 

 

Conclusions 

This study focused on the functional and structural relevance of the S3–S4 b-hairpin 

loop of SK channels and the conserved phenylalanine present at its tip. Using site-directed 

mutagenesis, this phenylalanine was substituted with either alanine or tyrosine in both SK2 and 

SK3 subtypes. In vitro binding assays, in combination with electrophysiological recordings, 

demonstrated the essential role of this residue in mediating high-affinity interactions with the 

channel blockers UCL1684 and apamin. The tyrosine mutation does not affect current blockage 

by UCL1684. However, apamin blocking efficiency is reduced in the SK3 F392Y mutant, 

potentially highlighting a stabilization effect of the S3-S4 loop more pronounced in SK3 that 

could interfere with the apamin induced conformational change observed in the SK2:apamin 

structure. 

The phylogeny of SK channels (SK1-4) presented is consistent with a model of 

vertebrate gene evolution driven by a whole-genome tetraploidization, with the first duplication 

occurring prior to the last common ancestor of vertebrates, and the second occurring separately 

after the split between agnathans (jawless fishes) and gnathostomes (jawed vertebrates) 

lineages. SK4 channels form a divergent group of paralogs presenting an early loss of the SK 

characteristic S3-S4 loop. The characteristic phenylalanine at the tip of this loop is the 

predominant amino acid across deuterostome sequences, with tyrosine being the most frequent 

alternative residue. The latter form is mainly found as the SK2 paralog within Actinopterygii. 

A tyrosine and phenylalanine are observed in basal deuterostomes; the ancestral state of this 
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position remains therefore undetermined. The tyrosine substitution does not significantly affect 

the current observed in MD simulations. The selection of the tyrosine mutation in 

Actinopterygii SK2 could have resulted from a lower susceptibility to peptidic toxins produced 

by rival species, as observed between human SK3 and apamin.  
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Supplemental figures and tables 

Supplemental movie 1. Permeation event observed during the MS simulation of SK2 

F243Y. The video shows the 15 K+ (red spheres) permeation events recorded during the 1 µs 

MD simulation. SK2 F243Y channel are represented in light green, yellow, light cyan and pink 

cartoon, and the Y243 side chain as sticks. Calmodulin molecules are shown as light blue 

cartoon, Ca2+ ions as green spheres and the membrane lipids head groups as grey sticks. 

 

Supplemental movie 2. Permeation event observed during the MS simulation of SK3 

F392Y. The video shows the 11 K+ (red spheres) permeation events recorded during the 1 µs 

MD simulation. SK3 F392Y channel are represented in light green, yellow, light cyan and pink 

cartoon, and the Y392 side chain as sticks. Calmodulin molecules are shown as light blue 

cartoon, Ca2+ ions as green spheres and the membrane lipids head groups as grey sticks. 

 

Supplemental movie 3. Permeation event observed during the MS simulation of SK2 

F243A. The video shows the 46 K+ (red spheres) permeation events recorded during the 1 µs 

MD simulation. SK2 F243A channel are represented in light green, yellow, light cyan and pink 

cartoon. Calmodulin molecules are shown as light blue cartoon, Ca2+ ions as green spheres and 

the membrane lipids head groups as grey sticks. 

 

Supplemental movie 4. Permeation event observed during the MS simulation of SK3 

F392A. The video shows the 54 K+ (red spheres) permeation events recorded during the 1 µs 

MD simulation. SK3 F392A channel are represented in light green, yellow, light cyan and pink 

cartoon. Calmodulin molecules are shown as light blue cartoon, Ca2+ ions as green spheres and 

the membrane lipids head groups as grey sticks. 
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